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Purpose and motivation
An extremely compact and elegant formulation of the dynamics of the known funda-
mental particles is given by the so-called Standard Model (SM) of particle physics,
which has withstood all experimental tests since its conception around forty years
ago. Aside from strong interactions, the Lagrangian of the SM describes both the
electromagnetic and weak interactions by an SU(2)L × U(1)Y gauge-invariant the-
ory. In 2012 LHC data showed the existence of a spin zero resonance of mass around
125 GeV [1, 2]. This particle has been identified with the boson of the Higgs mech-
anism [3–6], responsible for the mass of the SM particles.
Nevertheless, despite its general success, there remain observations without expla-
nation within the SM. Only around 5% of the Universe energy content is explained
by ordinary matter. Then, around 27% of the energy balance seems to require an
explanation in terms of particles, the so-called “dark matter”, not accounted for in
the SM, while the rest is known as the “dark energy”, which encodes the accelerated
expansion of the Universe. Besides, the SM does not explain massive neutrinos and
it contains no mechanism to describe the matter/antimatter asymmetry present in
the Universe either.
Moreover, the SM has three unsatisfactory internal issues: it provides no hint about
the hierarchy in particle flavors observed in nature (also known as the flavor puzzle),
the absence of CP violation in strong interactions requires a stringent fine-tuning
and the Higgs mass seems unnaturally light if there is New Physics (NP) to which it
couples. The latter is often referred to as the so-called electroweak (EW) hierarchy
problem. This might not be a real problem in the sense that the SM is mathe-
matically consistent; but taking naturalness seriously could be a way to provide a
good intuition on NP. Furthermore, Higgs physics has an impact on most of the
SM problems mentioned above. As a consequence, a different nature of the Higgs
particle than the SM one can lead to a change in the overall current picture.
Despite having a lot of information on the interactions of the Goldstone bosons
(GBs), which are absorbed to become the longitudinal components of the EW gauge
bosons, little is known about the underlying dynamics of the electroweak symmetry
breaking (EWSB). Learning about the true nature of the Higgs particle is thus
key to clarify this and here lies the main motivation for this thesis. A simple way
to evade the hierarchy problem is the introduction of a symmetry that “protects”
the Higgs mass from large quantum corrections. For instance, supersymmetry or
alternatively, a pseudo-Goldstone boson (pGB) nature for the Higgs particle [7] are
two main approaches to the problem. Correspondingly, whether the underlying
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Higgs dynamic is weak, as in supersymmetry, or strong, as in composite Higgs
models, is still in debate. Besides, while present data are compatible with the
physical Higgs being embedded in an exact SM doublet representation, departures
from that behavior are still viable within the present experimental accuracy of the
Higgs measured couplings. For example, the Higgs could have a singlet component,
as in dilaton-like models.
In our analysis we will have in mind as inspiration the possibility that the Higgs
boson would descend from a GB produced in the breaking of some global symmetry
at high energies. When this symmetry is explicitly broken in a soft way, an effective
scalar potential is generated, in such a way that the Higgs acquires a light mass
and the EWSB is triggered. Typically, in these theories the Higgs particle does not
behave as an exact doublet.
In order to undertake this exploration in a model-independent way, we have first
used an Effective Field Theory (EFT) approach. Among the two effective expan-
sions commonly used in the literature to study physics Beyond the Standard Model
(BSM), only the Standard Model Effective Field Theory (SMEFT), where the Higgs
is an exact SM doublet at low-energies and EWSB is realized linearly, has been ex-
tensively studied at next-to-leading order (NLO) [8–15]. The alternative approach
is that of Higgs Effective Field Theory (HEFT), which is built upon the chiral sym-
metry of the GB sector of the SM [16–18]. The GBs appear as decoupled from
the physical Higgs scalar, whose couplings are encoded in generic functions [19–21].
Therefore, this effective Lagrangian allows by construction to study the possibility
that the Higgs particle is not part of an exact doublet at low energies and thus it is
especially appropriated to the goal of this study.
The renormalization of the chiral Lagrangian with a decoupled Higgs particle had
already been discussed in the past [16, 22–24], and has only been studied to some
extent when including a light Higgs [25–28]. We will first explore the one-loop
renormalization of the scalar sector of the HEFT basis, and further extend the
analysis to the complete Lagrangian in a second step. In this way, we explicitly
determine all the counterterms required by the renormalization procedure to be
present at NLO, given the initial leading order (LO) Lagrangian chosen.
In order to examine the idea of a Higgs with a pGB nature, we will also develop a
complete renormalizable model, inspired by the linear sigma model that describes
pions as pGBs in QCD [29]. This is in contrast to most analyses in the literature [30–
33], performed in non-linear (effective) implementations.
The scalar sector of the model is based on the well-known minimal possibility to
have EWSB with a Higgs as pGB by implementing an approximate global SO(5)
symmetry spontaneously broken to SO(4). The renormalizable implementation con-
tains an extra scalar, σ, singlet of the SM. We extend in this way simpler previous
studies [34] and discuss its impact on phenomenology and constraints from precision
observables and LHC data.
The model might be considered as a renormalizable ultraviolet (UV) completion
of some deeper dynamics, or be regarded as a renormalizable model made out of
elementary fields. Indeed, the mass of the extra scalar σ will be used as a tool to
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gain intuition on the UV completion for a Higgs as pGB. Taking the limit of infi-
nite σ mass we have explicitly determined the corresponding benchmark effective
Lagrangian, which should be a subset of the general effective Lagrangian mentioned
above. In addition, with such an analysis we can also provide the first linear correc-
tions to the non-linear effective theory.
The analysis of the scalar sector of the renormalizable model is rather general and
would share similar features with any model containing a SO(5)/SO(4) breaking
pattern. However, the heavy fermion sector, introduced in order to induce masses
for the SM fermions through “partial compositeness” [35] and be the dominant
source for the explicit breaking of SO(5), is quite model-dependent. With the in-
tention of studying and classifying different alternative fermion options available
in the literature, we will develop a method based on the parametrization of effec-
tive low-energy Yukawa interactions with respect to different SO(5) heavy fermion
embeddings.
In a similar spirit, the construction of the basis of leading operators non-invariant
under baryon number within the HEFT is also presented as a complementary study,
with a comparison with the SMEFT approach and a detailed discussion on the
counting of the independent flavor contractions for a generic number of fermion
families. The Hilbert series technique to count the number of independent structures
is also considered.
In summary, this thesis is structured around the examination of the possibility of
the Higgs as a pGB. To do this, both HEFT and the phenomenological study of a
simple toy model have been employed. We refer the reader to the different chapters
in order to understand the different analyses in more detail.
3
Objetivo y motivación
El Modelo Estándar de la física de partículas constituye una formulación elegante
y extremadamente compacta de las interacciones de las partículas fundamentales
conocidas, el cual ha resistido todas las pruebas experimentales desde su concepción
hace alrededor de cuarenta años. Además de las interacciones fuertes, el Lagrangiano
del ME describe las interacciones electromagnéticas y débiles usando una teoría con
simetría gauge SU(2)L × U(1)Y . En 2012, datos del LHC mostraron la existencia
de una resonancia de spin cero y masa alrededor de 125 GeV [1, 2]. Esta partícula
ha sido identificada con el bosón del mecanismo de Higgs [3–6], responsable de la
masa de las partículas del ME.
En cualquier caso, a pesar de su éxito, hay observaciones sin explicación dentro del
ME. Del contenido en energía del Universo sólo en torno al 5% es explicado por la
materia ordinaria. Alrededor del 27% parece requerir una explicación en términos de
partículas, la llamada “materia oscura”, la cual está fuera del ME, y el resto consti-
tuye la conocida como “energía oscura”, relacionada con la expansión acelerada del
Universo. Por otro lado, el ME no explica la masa de los neutrinos y tampoco con-
tiene ningún mecanismo que describa la asimetría de materia/antimateria presente
en el Universo.
Además, el ME tiene tres problemas internos sin solución satisfactoria: no propor-
ciona ninguna pista acerca de la jerarquía en los distintos sabores de partículas ob-
servadas en la Naturaleza (también conocido como el “puzzle de sabor”). Por otro
lado, la ausencia de violación de CP en las interacciones fuertes requiere severos
ajustes y la masa del Higgs parece demasiado ligera si hubiera Nueva Física (NF)
con la que se acopla. Esto último suele ser referido como el problema de la jerarquía
electrodébil (ED). Esto podría no ser un verdadero problema en el sentido de que el
ME es consistente matemáticamente; pero tomando los argumentos de naturalidad
en serio podría ser una manera de obtener una cierta intuición de la posible NF.
Adicionalmente, la física del Higgs tiene un impacto en la mayoría de problemas del
ME mencionados anteriormente. Como consecuencia, una naturaleza distinta de la
partícula Higgs que la del ME podría llevar a un cambio en la imagen actual.
En efecto, a pesar de tener mucha información sobre las interacciones de los bosones
de Goldstone (BGs), los cuales son absorbidos para convertirse en las componentes
longitudinales de los bosones gauge electrodébiles, poco se sabe acerca de las dinámi-
cas subyacentes a la ruptura de la simetría electrodébil (RSED). Aprender acerca de
la verdadera naturaleza de la partícula de Higgs es por tanto clave para clarificarlo y
en ello yace la principal motivación para esta tesis. Una manera simple de evitar el
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problema de la jerarquía es introducir una simetría que “proteja” la masa del Higgs
de correcciones cuánticas grandes. Por ejemplo, supersimetría o, alternativamente,
un origen como pseudo-bosón de Goldstone (pBG) para la partícula de Higgs [7]
son los dos principales enfoques al problema. En este sentido, si las dinámicas sub-
yacentes al sector del Higgs son débiles, como en supersimetría, o fuertes, como
en los modelos de Higgs compuesto, está todavía en debate. Aparte, aunque los
datos actuales son compatibles con el Higgs físico estando embebido en una repre-
sentación exacta doblete del ME, alejamientos de ese comportamiento son todavía
viables dentro de la precisión experimental actual de los acoplos medidos del Higgs.
Por ejemplo, el Higgs podría tener una componente que fuera singlete del ME, como
en los modelos tipo dilatón.
En nuestro análisis tendremos en cuenta como inspiración la posibilidad de que el
bosón de Higgs podría descender de un BG producido en la ruptura de una simetría
global a altas energías. Cuando esta simetría está explícitamente rota un potencial
escalar efectivo es generado, tal que el Higgs adquiere una masa ligera y se induce
la RSED. Típicamente, en estas teorías la partícula de Higgs no se comporta como
un doblete exacto.
Para poder realizar esta exploración de una manera independiente del modelo con-
creto, inicialmente hemos utilizado un enfoque de la Teoría Efectiva de Campos
(TEC). De las dos expansiones efectivas usadas típicamente en la literatura para
estudiar la física más allá del Modelo Estándar, sólo la Teoría Efectiva de Campos
del Modelo Estándar, en la cual el Higgs es un doblete exacto del ME a bajas en-
ergías y la RSED se realiza linealmente, ha sido extensamente estudiada a segundo
orden [8–15]. La alternativa es la TEC no-lineal para un Higgs ligero, la cual se
basa en la simetría quiral del sector de BGs del ME [16–18]. En esta expansión los
BGs aparecen desacoplados del Higgs, cuyos acoplos se encuentran codificados en
funciones genéricas [19–21]. De esta manera, este Lagrangiano efectivo permite por
construcción estudiar la posibilidad de que la partícula Higgs no sea parte de un
doblete exacto del ME a bajas energías y por tanto es especialmente apropiada para
el objetivo de este estudio.
La renormalización del Lagrangiano quiral con una partícula Higgs desacoplada ya
ha sido discutida en el pasado [16,22–24], y sólo ha sido estudiado hasta cierto punto
cuando un Higgs ligero es incluido [25–28]. Aquí exploraremos en primer lugar la
renormalización a 1 loop del sector escalar de la base de la TEC quiral con un
Higgs ligero, tras lo cual extenderemos el análisis al Lagrangiano completo en un
segundo paso. De esta manera, determinaremos explícitamente todos los contra-
términos requeridos a segundo orden por el procedimiento de renormalización, dado
el Lagrangiano a primer orden que ha sido elegido.
Para poder explorar la idea de un Higgs con una naturaleza de pBG, estudiaremos
un modelo completamente renormalizable, inspirado por el modelo sigma lineal que
describe a los piones como pBGs en QCD [29]. Esto contrasta con la mayoría
de análisis de la literatura [30–33], realizados en implementaciones (efectivas) no-
lineales.
El sector escalar del modelo está basado en la bien conocida posibilidad de tener
una RSED de manera mínima con un Higgs como pBG, la cual consiste en imple-
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mentar una simetría global aproximada SO(5) espontáneamente rota a SO(4). La
implementación renormalizable contiene un escalar extra, σ, singlete del ME. Ex-
tendemos de esta manera estudios previos más simples [34] y discutimos su impacto
en la fenomenología y las restricciones provenientes de los observables de precisión
y los datos del LHC.
El modelo puede considerarse que completa en el ultravioleta (UV) de manera renor-
malizable, codificando las dinámicas subyacentes, a los modelos no-lineales, o podría
ser considerado como un modelo renormalizable que contiene campos elementales.
En efecto, la masa del escalar extra σ será usada como herramienta para ganar
intuición del modelo en el UV para un Higgs como pBG. En el límite de masa
del σ infinita, determinaremos explícitamente el correspondiente Lagrangiano efec-
tivo, el cual se espera que contenga un subconjunto de operadores pertenecientes
al Lagrangiano efectivo general mencionado más arriba. Además, realizando di-
cho análisis también proporcionamos las primeras correcciones lineales a la teoría
efectiva no-lineal.
El análisis del sector escalar del modelo es bastante general y podría compartir
características similares con cualquier modelo que contenga un patrón de ruptura
SO(5)/SO(4). Sin embargo, el sector fermiónico pesado es bastante dependiente del
modelo. Este es introducido para inducir las masas de los fermiones del ME a través
de la llamada “composición parcial” [35] y ser la fuente dominante para la ruptura
explícita de la simetría SO(5). Con la intención de estudiar y clasificar diferentes
opciones alternativas para los fermiones existentes en la literatura, desarrollaremos
un método basado en la parametrización de las interacciones de Yukawa efectivas
a bajas energías con respecto de las diferentes formas de incluir los fermiones en
representaciones de SO(5).
Como estudio complementario, se presenta también la construcción de la base de op-
eradores no-invariantes bajo número bariónico dentro de la TEC quiral para un Higgs
ligero. Se compara asimismo con la TEC del ME y se realiza una discusión detallada
acerca del recuento de las contracciones de sabor independientes para un número
genérico de familias de fermiones. La técnica de las series de Hilbert para contar el
número de estructuras independientes también se ha tomado en cuenta.
En resumen, esta tesis se estructura alrededor del examen de la posibilidad de
un Higgs como pBG. Para hacer esto, tanto técnicas de TEC como el estudio
fenomenológico de un modelo simple han sido empleadas. Referimos al lector a
los diferentes capítulos para entender los diferentes análisis en más detalle.
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Part I
Foundations
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Chapter 1
The Standard Model (SM)
1.1. Gauge fields and fermions
The Standard Model (SM) of particle physics provides a compact and elegant formu-
lation of the dynamics of the known fundamental particles. Gravity is not included,
but the electromagnetic, weak and strong interactions are fully described by the
theory. The model is a SU(3)C × SU(2)L × U(1)Y gauge invariant quantum field
theory, where SU(3)C is the symmetry describing the strong interaction whose the-
ory is given by quantum chromodynamics (QCD); while SU(2)L × U(1)Y describe
the unified Electroweak (EW) force. The seminal papers that contributed to the
founding of the Standard Model appeared in the sixties [36–40] and the theory has
endured increasingly precise experimental tests ever since [41].
The identification of symmetries has been the source of the main achievements in
the understanding of the fundamental laws in particle physics. In particular, the
gauge principle is essential in this regard, since it determines the dynamics. Once the
gauge symmetry is identified and implemented it leads to several testable properties
regarding gauge bosons. In contrast, beyond kinetic terms, the behavior of fermions
and scalars is not as constrained, producing some arbitrariness in their properties,
reflected for instance in the flavor puzzle.
The importance of gauge symmetries is related to the fact that there are particles
that are experimentally indistinguishable from one another under an interaction. As
Yang and Mills put it in [42], the differentiation between a neutron and a proton is
a purely arbitrary process, so one should be free of choosing what to call a proton
or a neutron at any point in spacetime, or it would not be consistent with the idea
of localized fields underlying the usual theories.
Therefore that the symmetry is gauged means that the Lagrangian is invariant
under local transformations (the transformations vary depending on the point in
spacetime); which implies that a bunch (their amount is the number of generators
11
Chapter 1. The Standard Model (SM)
Figure 1.1: Particle content of the SM with masses and charges. On the left
there are the three families of fermions. The physical gauge bosons are a com-
bination of the ones described in this chapter. On the right, the only scalar,
the Higgs boson; which will be dealt with in Chapter 3. Figure taken from
https://commons.wikimedia.org/w/index.php?curid=4286964.
of the gauge group) of gauge fields have to be introduced with specific interactions
with the matter content in order to preserve the symmetry. In particular, in the SM
there are eight gauge fields, GAµ mediating the strong interaction, and four mediators
of the EW interaction, (W aµ , Bµ), three related to the SU(2)L group and one from the
U(1)Y symmetry. Uppercase indices, A ∈ [1, 8], span color space, while lowercase
indices, a ∈ [1, 3], span isospin space; being color (C) and isospin (T) the charges of
the strong and weak interactions, respectively.
The kinetic terms that describe how these gauge fields propagate are elegantly writ-
ten in terms of the so-called field strengths:
Lgauge = −14G
A
µνG
A,µν − 14W
a
µνW
a,µν − 14BµνB
µν , (1.1)
GAµν = ∂µGAν − ∂νGAµ + gsfABCGBµGCν ,
W aµν = ∂µW aν − ∂νW aµ − igabcW bµW cν ,
Bµν = ∂µBν − ∂νBµ,
where fABC ,−iabc are the structure constants of the strong and weak group alge-
bras, respectively, and gs and g are the corresponding gauge couplings. These terms
appear in the strong and weak cases because the symmetry groups are non-abelian.
The U(1)Y gauge coupling will be called g′ in what follows, as customary.
Besides the gauge fields, there are three families or flavors (three copies with dif-
ferent masses) of spin 1/2 particles (fermions). As it is shown in Fig. 1.1, each
generation consists of a couple of particles called leptons and a couple of particles
called quarks; which makes a total of twelve particles: six quarks (u, d, c, s, t, b) and
12
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six leptons (e, µ, τ, νe, νµ, ντ ); which are usually displayed as flavor multiplets:
up-type quarks: U = (u, c, t),
down-type quarks: D = (d, s, b),
charged leptons: E = (e, µ, τ),
neutrinos: ν = (νe, νµ, ντ ),
The distinction between them is determined by their behavior with respect to the
SM interactions. In Table 1.1 the transformation properties of the different types of
fermions are summarized. For instance, only the quarks are subject to the strong
interaction, transforming in the triplet representation of the SU(3)C group (there
are indeed three copies of every quark, each with a different color); regardless of
their chirality. On the other hand, both the leptons and quarks transform under
the weak group; but only their left-handed (LH) components; which come in groups
of two (doublets of SU(2)L), QL and LL, where the upper component has a charge
under the third component of isospin, T3, of +1/2 while the down component has
T3 = −1/2.
Fermion SU(3)C SU(2)L U(1)Y
QL = (UL, DL)T 3 2 1/6
UR 3 1 2/3
DR 3 1 -1/3
LL = (νL, EL)T 1 2 -1/2
ER 1 1 -1
Table 1.1: Transformation properties of the fermions of the SM. 1, 2 and 3mean they
transform as the singlet (i.e. they are invariant), doublet or triplet representation
of the corresponding group, respectively. The charges (hypercharges) under U(1)Y
are shown in the last column for each particle. As originally defined, there are no
right-handed neutrinos in the Standard Model.
As we were briefly introducing at the beginning of this section, preserving gauge
symmetries shapes how the particles interact. This is encoded in their kinetic
terms,
Lkin,f = Q¯Li /DQL + U¯Ri /DUR + D¯Ri /DDR + L¯Li /DLL + E¯Ri /DER; (1.2)
since making the Lagrangian invariant under the gauge symmetries forces their
derivatives to be promoted to covariant ones:
∂µψ −→ Dµψ, (1.3)
13
Chapter 1. The Standard Model (SM)
DµQL =
(
∂µ + igs
λA
2 G
A
µ + ig
τa
2 W
a
µ + ig′QYBµ
)
QL,
DµQR =
(
∂µ + igs
λA
2 G
A
µ + ig′QYBµ
)
QR,
DµLL =
(
∂µ + ig
τa
2 W
a
µ + ig′QYBµ
)
LL,
DµQL =
(
∂µ + ig′QYBµ
)
ER,
where QR means any right-handed (RH) quark; λA and τa are the generators of
the SU(3) and SU(2) algebras (the so-called Gell-Mann and Pauli matrices, respec-
tively), and QY stands for the hypercharge of the fermion, which can be seen in
Table 1.1. The electric charge, Q, is related to the third component of isospin and
hypercharge by a linear relation
Q = T3 +QY (1.4)
Note that both gauge bosons and fermions of the SM as described here are massless;
having introduced only their kinetic terms. Possible mass terms for gauge bosons
(Aµ) and fermions (ψ)
AµA
µ, ψ¯LψR, (1.5)
violate the SM gauge symmetry; which will prevent us from writing them in the
Lagrangian.
1.2. Renormalizability and unitarity
Adding the Higgs sector, the SM contains 19 free parameters: the 9 fermion masses,
3 gauge couplings, the Higgs mass and vev (see Sect. 3.1), 3 mixing angles and 1 CP
phase from the Cabibbo-Kobayashi-Maskawa (CKM) matrix (the matrix determin-
ing flavor-changing charged currents due to quark mixing in the mass eigenstates),
and θQCD, which characterizes the QCD vacuum∗.
In order for the theory to make sense, all the free parameters have to be fixed by as
many experimental observables before predictions can be made with them. Through
the renormalization procedure they are used to absorb the divergences (infinities)
arising in computations of physical quantities in perturbative quantum field theory.
This translates in that the original parameters defining the theory in the Lagrangian
will have a dependence on the energy scale after renormalization is performed, so
they are said to “run” with energy; i.e. have different values in the infrared (IR)
with respect to the ultraviolet (UV). This running is given by the Renormalization
Group Equations (RGEs).
∗If RH neutrinos with Dirac mass terms are added to the SM then there are seven additional
observable parameters: the three neutrino masses plus three mixing angles and one CP-violating
phase from the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, the analog of the CKMmatrix
in the lepton sector. If neutrinos are Majorana fermions there are 2 additional physical CP phases;
i.e. 19 + 9 free parameters for the SM in total.
14
1.2. Renormalizability and unitarity
Therefore, that a theory is described as renormalizable means that there is a finite set
of parameters that are needed to be redefined in order to absorb all the divergences.
See Chapter 6 for comments on renormalizability in effective field theories.
The Standard Model with massless gauge bosons and quarks, as presented in the
previous section is renormalizable. However, weak interactions are experienced as
short-range in nature, meaning that the corresponding force carriers (W± and Z,
as will be shown later) must be massive and therefore the EW symmetry must be
somehow broken at low energies. The Higgs mechanism [4–6] is the simplest way to
do this preserving gauge invariance and at the same time renormalizability in this
sense (see Sect. 3.1).
There is the possibility of having massive gauge bosons in a gauge-invariant way
without a Higgs particle in the spectrum; as it is described in Sect. 4.2. However,
this constitutes a non-renormalizable theory. For instance, it turns out that the
scattering of longitudinally polarizedW bosons† grows with the square of the energy,
which eventually violates the perturbative unitarity of the theory‡
A
(
W+LW
−
L → W+LW−L
) EMW' g24M2W (s+ t) ∝ E2, (1.6)
whereMW is theW mass and s and t are the so-called Mandelstam variables, related
to the kinematics of the process. In the case of the SM this loss of perturbativity
occurs at around 2-3 TeV. There are then two possibilities: either the theory just
becomes strongly coupled at high energies, thus appearing to lose unitarity in the
perturbative expansion, or new degrees of freedom appear to restore unitarity, which
is what indeed happens in the SM Higgs mechanism.
†The gauge bosons have spin 1; so naively it seems they would possess three degrees of freedom.
However, a real (i.e. not virtual) massless spin-1 boson can exist only in two transverse polarization
states; while a massive spin-1 boson can also be longitudinally polarized.
‡The transition amplitudes of a process are the elements of the so-called S-matrix (the evolution
operator describing how a physical system changes due to a scattering process) has to remain
unitary in order for the theory to be consistent. This is equivalent to the statement that the sum
of probabilities of all possible outcomes in the scattering process has to be 1 and this has to be
preserved over time.
15
Chapter 2
Symmetry and spontaneous breaking
2.1. Symmetry types and breakings
A symmetry is said to be present when there is a transformation on the variables of
a system leaving the essential physics unchanged. A symmetry can either be global
(the transformation is constant throughout spacetime) or gauge (the transformation
is local). The concept of gauge symmetries has been very briefly described in the
beginning of Sect. 1.1. The SU(3)C × SU(2)L × U(1)Y SM symmetry group is an
example of a gauge symmetry; while B − L (“baryon minus lepton number”) is an
example of a global symmetry of the SM Lagrangian.
Sometimes it is still useful to think in terms of symmetries in situations when the
physics is invariant under a transformation just approximately. Usually in these
cases the Lagrangian contains parameters such that when set to zero the symmetry
is recovered. If these parameters are “small”, then the predicted physical conse-
quences that would be there if the symmetry was exact would still be approximately
valid.
Depending on the dynamics of the theory, a symmetry in the Lagrangian may either
remain exact or be broken in different ways:
a) The symmetry can be explicitly broken if there are terms in the Lagrangian
that are not invariant under the associated transformation. These terms might
be small, as in the case of an approximate symmetry. An example of this is
the explicit breaking of the chiral symmetry of QCD (Quantum Chromody-
namics, the modern theory describing the strong force) by quark masses. This
symmetry is also broken spontaneously, see next point and Sect. 2.2.2.
b) It may happen that the ground state of the theory does not display the full
symmetry of the Lagrangian and as a consequence the symmetry is lost in
the spectrum of physical states; so the symmetry can be said to be hidden.
Actually the symmetry is not really broken in this case; but it is realized in a
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very special way, as it will be better described in the following sections in this
chapter. This may occur through scalar fields acquiring a vacuum expectation
value (vev), which is the case of EWSB, the main topic of this chapter, or by
quantum effects (dynamical breaking), as happens in the spontaneous breaking
of QCD chiral symmetry by quark condensates.
c) Finally, it is possible that a symmetry in the Lagrangian is conserved at the
classical level; but it is broken by quantum effects through an anomaly. An
example of this is the case of global U(1) axial symmetry of QCD.
2.2. Spontaneous breaking of a global symmetry
As commented above, the spontaneous breaking of a symmetry takes place in sys-
tems where the vacuum state (the lowest-energy state) is not invariant under the
symmetry in the Lagrangian. A typical example is a ferromagnet where the un-
derlying interactions are invariant under spatial rotations; while, depending on the
temperature, the ground state of the system possesses two very different configura-
tions as shown in figure 2.1.
Figure 2.1: Left: Above Curie temperature, the spins describing a ferromagnetic
material are randomly oriented thus making a rotational invariant ground state.
Right: Below Curie temperature, the spins are oriented in some particular direction,
so the ground state is no longer invariant under rotations. The system “chooses” a
particular orientation among the infinite possible ones.
The symmetric phase can be described by a paraboloid potential such as the left
plot in Fig. 2.2; where there is a unique vacuum at the origin, with vanishing mag-
netization. On the other hand, the broken phase can be modeled by a potential
with a shape that is commonly compared to that of a Mexican hat, see right plot in
Fig. 2.2. There is still an extremum at the origin, which now is a local maximum;
while the true vacuum is a circle of degenerate global minima. At the top of the hat
everything looks symmetric in any direction; while down at the brim the symmetry
seems to be lost. That is not true: the symmetry is still there; but now it is hidden.
According to Noether’s theorem, there exists a classical chargeQ; such that it is time-
independent (dQ/dt = 0), for each continuous transformation leaving the action
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Figure 2.2: Left: Symmetric phase: the potential is a paraboloid with a unique
vacuum with | ~M | = 0. A ball left to roll on this potential would simply fall and
remain at this minimum.
Right: Broken phase: “Mexican hat” potential. A ball left at the origin would
stay on the top of the hat; but the slightest perturbation would make it roll to the
lower brim of the hat so it ends at a particular position among the infinite possible
positions along the brim. That position marks the orientation of the spins after
they become aligned; while the radius of the circle of minima is the modulus of the
magnetization and is the same for all the possible orientations.
invariant (i.e. every symmetry of the action is related to a conservation law).
Let us consider a system with n conserved charges Qa The associated transfor-
mation can be applied on the vacuum state, |0〉, through the unitary operators
Ua = eiαaQa ,
|0〉 → eiαaQa|0〉, a ∈ [1, ..., n], (2.1)
where αa are continuous parameters. Therefore, invariance of the vacuum means
that it is annihilated by the charge operator i.e. the generator of the symmetry:
Ua|0〉 = eiαaQa |0〉 = |0〉 (for any αa) ⇒ Qa|0〉 = 0, , a ∈ [1, ..., n]. (2.2)
As a consequence, the vacuum is unique and the symmetry behaves in the expected
way; as in the symmetric situation in Fig. 2.2.
On the other hand, in the case of a symmetry that is broken spontaneously, the
vacuum is not invariant under the full symmetry. In the next example, the vacuum
is invariant under k generators (k < n); but variant under (n − k), so a subset of
transformations takes the vacuum to other states,
Ua|0〉 = eiαaQa|0〉 = |0〉 ⇒ Qa|0〉 = 0, a ∈ [1, ..., k], (2.3)
Uaˆ|0〉 = eiαaˆQaˆ|0〉 = |αaˆ〉 ⇒ Qaˆ|0〉 6= 0, aˆ ∈ [k + 1, ..., n]. (2.4)
Since Noether’s theorem says that symmetry charges are time-independent, and thus
they commute with the Hamiltonian, dQa/dt = i[H,Qa] = 0, then all states Uaˆ|0〉,
which are connected by transformations of the broken symmetries, have the same
energy as the vacuum, E0,
H|αaˆ〉 = HeiαaˆQaˆ|0〉 = eiαaˆQaˆH|0〉 = E0eiαaˆQaˆ|0〉 = E0|αaˆ〉. (2.5)
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Therefore, they constitute a continuous family of degenerate ground states, since
the symmetry transformation is continuous.
Goldstone theorem
In simple words, the Goldstone theorem [43–45] states that
when a system has a global continuous symmetry that is not a symmetry
of the vacuum, there has to exist one massless boson of spin 0 associated
to each generator of the symmetry that does not preserve the ground
state.
The massless particles arising due to the spontaneous breaking are referred to as
Nambu-Goldstone bosons or, more simply, as we will do along this thesis, as Gold-
stone bosons (GBs).
Let us take a toy model with n scalar fields, φi, to provide a simple proof of the
theorem. The Lagrangian contains the kinetic and potential terms
L = 12∂µφi∂
µφi − V (φ), (2.6)
and is invariant under a global symmetry group whose algebra is spanned by n gen-
erators, iT aij, with a ∈ [1, ..., n]. Under an infinitesimal transformation, parametrized
by some a  1, the fields transform according to
φi(x)→ φi(x)− aT aijφj(x). (2.7)
The invariance of the Lagrangian under the transformation imposes a condition on
the potential:
L(φi − aT aijφj) = L(φi)
(2.8)
⇒ V (φi − aT aijφj)− V (φi) = −
δV
δφi
aT aijφj = 0, (for any a).
On the other hand, the vacuum state corresponds to a field configuration that mi-
nimizes the potential
δ
δφi
V (φ)
∣∣∣∣∣〈φi(x)〉 = 0, (2.9)
with φi(x) ≡ 〈φi(x)〉 the fields expectation value at the vacuum (vev). If the sym-
metry is spontaneously broken so the vacuum is invariant only under a subset of
transformations, and there are (n − k) broken generators, then the analogous con-
ditions to the ones in Eqs. (2.3) and (2.4) are:
T aij〈φj〉 = 0, (for any i), a ∈ [1, ..., k], (2.10)
∃i | T aˆij〈φj〉 6= 0, aˆ ∈ [k + 1, ..., n]. (2.11)
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Differentiating Eq. (2.8), the potential invariance condition, with respect to φk and
evaluating at the vacuum, gives a new condition,
δV
δφi
T aijφj = 0 ⇒
δ2V
δφiδφk
∣∣∣∣∣〈φi〉 T
a
ij〈φj〉+
δV
δφi
∣∣∣∣∣〈φi〉 T
a
ik = 0, (2.12)
whose last term vanishes due to Eq. (2.9):
δ2V
δφiδφk
∣∣∣∣∣〈φi〉 T
a
ij〈φj〉 = 0. (2.13)
According to Eq. (2.11), T aˆij〈φj〉 6= 0 for (n − k) generators, so Eq. (2.13) implies
that the second derivative of the potential at the vacuum has precisely (n − k)
eigenstates with vanishing eigenvalue. From the variation of the action, it can be
seen that the excitations around the vacuum, pii(x) ≡ φi(x)− 〈φi(x)〉, must satisfy
the Klein Gordon equationδij∂µ∂µ + δ2V
δφiδφj
∣∣∣∣∣〈φi〉
pij(x) = 0. (2.14)
Therefore, the (n − k) zero eigenvalues of the second derivative of the potential
should correspond to (n − k) massless particles in the spectrum: the Goldstone
bosons.
Finally, the fact that the Lagrangian is nevertheless invariant under the (n − k)
transformations, means that it has to be invariant under shifts of the corresponding
Goldstone fields. Therefore, when the Lagrangian is written in terms of the physical
fields, it can only contain derivative couplings of the GBs. For this reason, it can
be said that the shift symmetry forbids a mass term for them.
Spontaneous breaking of the chiral symmetry in QCD
The QCD Lagrangian with n flavors of massless quarks has a Lagrangian∗
LQCD = −14G
A
µνG
A,µν + Q¯Li /DQL + Q¯Ri /DQR, (2.15)
which contains only gluon and quark fields and their kinetic terms. Therefore,
in this limit, as there are no mass terms mixing the left- and right- handed quark
fields, the Lagrangian is invariant under a global chiral SU(n)L×SU(n)R symmetry.
Under the associated transformations, the quark fields of each chirality transform
as doublets:
QL =
(
UL
DL
)
→ LQL, L ∈ SU(2)L,
QR =
(
UR
DR
)
→ RQR, R ∈ SU(2)R,
(2.16)
∗The so-called θ-term, related to the “strong CP problem”, is omitted here, as it is irrelevant
for the discussion.
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where L,R = e−iαaL,Rτa/2 are arbitrary SU(2) matrices. However, it is expected
that the quark-gluon confining gauge interaction produces quark-antiquark (spin-
less) condensates, whose vev is non-vanishing, at a characteristic energy scale,
ΛQCD:
〈Q¯Q〉 = 〈Q¯LQR + Q¯RQL〉 6= 0 (2.17)
This vacuum configuration is not symmetric under the complete chiral symmetry;
but only under the transformations with αL = αR. Therefore, the condensates are
breaking spontaneously the chiral symmetry down to the vector (also called isospin
or diagonal) subgroup:
SU(n)L × SU(n)R → SU(n)V , SU(n)V ≡ SU(n)L+R. (2.18)
Therefore, as the Goldstone theorem dictates, (n2−1) massless spinless fields should
appear in the spectrum. These correspond to the (n2 − 1) generators of the broken
axial symmetry (αL = −αR); so they will behave as pseudoscalar fields (i.e. odd
under a parity transformation).
It is worth noting that this is an example that the Goldstone bosons are not neces-
sarily elemental; but they can be composite as well. In this case, they correspond
to bound states of some elementary fields, the quarks. This is usually referred to as
dynamical symmetry breaking.
In reality the quarks are not massless. However, the up, down and strange quarks
have masses that are very small as compared to ΛQCD ∼ 200 − 300 MeV. There-
fore, the Lagrangian can be considered to be approximately chiral symmetric, and
thus the spontaneous breaking produces eight (n = 3 approximately massless fla-
vors) pseudo-Goldstone bosons, which are identified with the lighter mesons in the
spectrum (pions, kaons and eta). Indeed, this way has proved to be successful in
understanding the hierarchy between mesons and hadrons in QCD.
Linear sigma model
The linear sigma model [29] was introduced to study the spontaneous breaking
of QCD chiral symmetry and it constitutes a very simple way to exemplify the
main characteristics of a global symmetry that is spontaneously broken, which will
reappear in a similar fashion when discussing the spontaneous breaking of a gauge
symmetry. For simplicity, let us first just focus on the scalar part of the model and
consider just a U(1) global symmetry; so the Lagrangian can be simply written as
that of a complex scalar field:
L = ∂µφ∗∂µφ− V (φ∗φ) = ∂µφ∗∂µφ−m2φ∗φ− λ(φ∗φ)2, (2.19)
which is invariant under transformations of the type φ(x)→ eiαφ(x), with constant
α. It turns out the potential has a very different behavior depending on the sign of
m2, as it is shown in the following figures (the self-coupling λ is assumed positive so
the potential is bounded from below):
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For m2 > 0 the potential has a unique
minimum at 〈φ〉 = 0. The vacuum is
symmetric under the global U(1).
For m2 < 0 the potential has a de-
generate infinite set of minima, with
modulus |〈φ〉| =
√
−m2
2λ ≡ f√2 , The
vev is not invariant under U(1) once
a phase is chosen.
This is very similar to the two-phase behavior that was qualitatively described in
Fig. 2.2. In fact, the Ginzburg-Landau theory [46], developed to study superconduc-
tivity implements a potential analogous to the scalar potential described here. In
the vacuum the modulus of the field configuration is fixed; while the complex phase
is arbitrary. It is the choice of a particular phase that produces the breaking (since
the vev is no longer invariant under U(1)). Therefore, following Goldstone theorem,
one GB field should appear in the spectrum in this case.
To analyze perturbations around the true vacuum, it is convenient to shift the field
as
φ(x) = 1√
2
(σ(x) + f) eipi(x)/fpi , f 2 = −m
2
λ
, (2.20)
where σ and pi are real scalar fields and they are normalized by the appropriate
constants in order to have canonical kinetic energy in the Lagrangian (see below).
The GB field, pi(x), is the excitation along the circle of minima; while σ(x) represents
excitations in the perpendicular direction. The GB field should possess a shift
symmetry since moving along the circle of minima does not have any potential
energy cost (all minima are degenerate) and thus it is natural to write it as a
phase. In other words, the symmetry is still realized as pi(x) → pi(x) + fθ, with σ
invariant.
The Lagrangian in terms of the shifted fields takes the form
L = 12(∂µσ)
2 + 12
(
1 + σ
f
)2
(∂µpi)2 − 12m
2
σσ
2 − λfσ3 − λ4σ
4, (2.21)
where it can be seen that the radial field has acquired a mass mσ = −2m2 (in the
broken phase m2 < 0); while the GB field shows no mass term at all. The constant
term appearing in the potential after the shift is omitted.
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This can be generalized to the spontaneous breaking of SU(2)L × SU(2)R; which
would simply translate into three GBs, ~pi(x) = (pi1(x), pi2(x), pi3(x)), transforming
as a triplet under the SU(2) isospin group, and a σ field, singlet under SU(2),
which will acquire a non-zero vev. Actually, there is an isomorphism between the
Lie algebras of SU(2)L × SU(2)R and SO(4), so it is convenient to write an SO(4)
invariant Lagrangian in terms of the matrix field
Σ = σ1 + i~τ · ~pi, (2.22)
transforming as a bidoublet of SU(2)L × SU(2)R:
Σ(x)→ LΣ(x)R†, (2.23)
so the potential and its minimum now are
V (Σ†Σ) = m
2
4 Tr(Σ
†Σ) + λ16(Tr(Σ
†Σ))2, 〈Tr(Σ
†Σ)〉
2 =
−m2
λ
≡ f 2. (2.24)
where 12Tr(Σ
†Σ) = σ2+−→pi ·−→pi . Using the expression for the minimum of the potential
and choosing it to be aligned with the σ field, so
〈Σ〉 = f1, ↔ 〈σ〉 = f, 〈~pi〉 = 0, (2.25)
so the pii fields are the GBs. It is actually clearer to add a constant term and recast
the potential in the form
V = λ4
(
σ2 + ~pi~pi − f 2
)2
, (2.26)
where f 2 = −m2/λ. Shifting the fields by the chosen vevs it can be seen the σ
particle acquires the following mass, while the pii fields remain massless:
m2σ = 2λf 2 = −2m2, mpii = 0. (2.27)
Non-linear sigma model
The previous discussion is an example of a spontaneous breaking of a symmetry
that is realized in a linear way. It is however possible to implement the spontaneous
breaking in a non-linear fashion by integrating out the radial field (so only the GBs
remain in the spectrum).
The non-linear sigma model can be generated by takingmσ →∞ keeping f constant
(or, equivalently, taking λ→∞ keeping f constant), which leads to the non-linear
constraint
Σ†Σ = f 21. (2.28)
The parametrization of the Σ matrix field in terms of the GBs is indeed not unique,
as long as this condition is satisfied (see Sect. 6.2 for further details on this). In
the parametrization described in the previous section, Σ = σ1+ i~τ~pi, the non-linear
condition enforces that σ(x) = (f 2 − ~pi2(x))1/2, so now the pii(x) fields transform
non-linearly under SU(2)L × SU(2)R due to the missing bidoublet component that
24
2.2. Spontaneous breaking of a global symmetry
has been integrated out. In the decoupling limit, for this parametrization, the
Lagrangian reduces to
LNL = f
2
4 Tr
(
∂µU†∂µU
)
. (2.29)
Taking the self-coupling to infinity obviously spoils perturbation theory. How-
ever, this is just a consequence of the non-linear theory being perturbatively non-
renormalizable (the renormalization of the effective expansion will be discussed in
Sect. 6.1). In fact, the linear theory can be thought of as the UV completion of the
non-linear model; with a finite mσ as a cut-off to regulate the theory.
Alternatively, the polar parametrization,
Σ(x) = ϕ(x)U(x), U(x) = ei
~τ~pi′(x)
f , (2.30)
can be used. It is analogous to the one used in Eq. (2.20). The non-linear condition
now simply reduces to ϕ(x) = f and the corresponding non-linear Lagrangian is
found to be
LNL = 12∂µ~pi · ∂
µ~pi + 12
(~pi · ∂µ~pi)2
f 2 − ~pi2 . (2.31)
The fields ϕ and pˆi are related to the previous σ and ~pi used in Σ = σ1+i~τ~pi through
a non-linear change of variables:
σ = ϕ cos
( |~pi′|
f
)
, pii = ϕ
pi′i
f
sin
( |~pi′|
f
)
. (2.32)
In this case all the GBs degrees of freedom are contained in the matrix U, in a way
which retains the chiral behavior (U transforms as U→ LUR†). This is the reason
why this parametrization is useful in constructing an effective theory in which the
EWSB is realized non-linearly, in which case there is no need of a Higgs field (at the
expense of losing renormalizability).
As discussed above, the Lagrangian is invariant under the shifts of the GB fields,
associated to the broken symmetries of the vacuum, which in this case corresponds
to the axial symmetries. The corresponding Noether currents have the expression,
at first-order:
jµaA = −f∂µpia. (2.33)
Therefore, defining |pi〉 as the state created and annihilated from the vacuum, the
amplitude for the creation of a pion pi from the vacuum with momentum p,
〈0|jµaA |pib〉 = ifpµδab, (2.34)
gives the physical interpretation of f as the pion decay constant. This can be
measured, for instance, from the decay pi+ → µ+νµ, yielding f ≈ 92 MeV.
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2.3. Spontaneous breaking of a gauge symmetry
The mechanism by which spontaneous symmetry breaking occurs when the sym-
metry is local is also called the Higgs mechanism. Historically, this was devel-
oped after the efforts of different people [3–6] and drew heavily from previous work
in Solid State Physics [47], which, in turn, was motivated by previous work by
Schwinger [48,49]. See also earlier work by Stueckelberg [50].
When the global symmetry in (2.7) is made local, the field transforms as
φi(x)→ φi(x)− a(x)T aijφj(x). (2.35)
As it was introduced in 1.1, a set of gauge bosons, Aaµ(x), has to be introduced in
order to respect the gauge symmetry transforming as
Aaµ(x)→ Aaµ(x)−
1
g
∂µ
a, (2.36)
so they will make Dµφ transform in the same way as φ under the gauge symmetry,
with the covariant derivative is defined as
Dµφi(x) = ∂µφi(x)− gAaµ(x)T aijφj(x), (2.37)
where g is the gauge coupling constant. Using these definitions the Lagrangian for
n scalar fields of Eq. (2.6) becomes
L = −14A
a
µνA
aµν + 12DµφiD
µφi − V (φ), (2.38)
Expanding the scalar kinetic term yields
1
2DµφiD
µφi =
1
2∂µφi∂
µφi − gAaµ∂µφi(T aφ)i + 12g
2AaµA
bµ(T aφ)i(T bφ)i (2.39)
where the last piece has the structure of a mass term for the gauge bosons:
1
2m
2
abA
a
µA
bν . (2.40)
Let us assume some of the scalars get a vev such that they make the vacuum non-
invariant under (n− k) of the symmetry generators, T aˆ, so we expand them around
the vacuum
φi(x) = 〈φ〉i + ϕi(x). (2.41)
Then the gauge boson mass matrix is
m2ab = g2(T a〈φ〉)i(T b〈φ〉)i = maimbi, (2.42)
where mai ≡ g(T a〈φ〉)i. When one of the generators leave the vacuum invariant
(T a〈φ〉 = 0), its contribution to the mass matrix vanishes and thus the associated
gauge boson will remain massless.
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At the vacuum, from the second term in Eq. (2.39), the Lagrangian will also contain
terms of the form
−gAaˆµ∂µϕk(T aˆ〈φ〉)k (2.43)
which are non-zero only for the broken generators (T aˆ〈φ〉 6= 0). As shown in the
discussion in Sect. 2.2, the broken generators connect all the degenerate states at the
minimum of the potential; so the states ∂µϕk appearing in this term, being parallel
to (T aˆ〈φ〉)k, have to be the excitations along these directions, and thus, the field
fluctuations around the set of minima; i.e. the Goldstone bosons. Let us change
their name to χi(x) in order to distinguish them from the bosons with non-zero vev,
ϕ(x), so the term above can be written as
−gAaˆµ ∂µχk T aˆkj〈φ〉j = −maˆkAaˆµ ∂µχk. (2.44)
In order to understand how the physical gauge bosons will become massive, it is in-
structive to compute their two-point function. Let us define iΠµν(q2) as the sum of
all one-particle-irreducible (1PI)† insertions in the propagator. The Ward identity,
which is a consequence of gauge invariance, requires that it is completely trans-
verse:
iΠabµν(q2) = iδabq2
(
gµν − qµqν
q2
)
Π(q2), (2.45)
where Π(q2) is the vacuum polarization amplitude. The two terms of Eqs. (2.42)
and (2.44) can be treated as vertices in perturbation theory, so at leading order they
contribute to the gauge bosons two-point function. Thus, at leading order,
= iΠabµν(q2) = im2abgµν −maiqµ
iδij
q2
mbjqν = im2ab
(
gµν − qµqν
q2
)
, (2.46)
where it can be seen that the GBs have provided the necessary contribution to make
the polarization amplitude transverse. Therefore, by comparison with Eq. (2.45), it
is found
Π(q2) = m
2
ab
q2
, (2.47)
In terms of the exact two-point function, which is an infinite geometric series of
all the 1PI insertions in the propagator (which is −igµν/q2 before the spontaneous
breaking takes place), it can be resummed as
−i
q2
1
1− Π(q2)
(
q2gµν − qµqν
q2
)
, (2.48)
the gauge bosons have become massive because the GBs have created the necessary
pole in q2 = m2:
−i
q2 −m2
(
q2gµν − qµqν
q2
)
, (2.49)
†1PI diagrams are such that cannot be separated in two pieces when one internal line is cut.
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The kinetic mixing of Eq. (2.44) is quite inconvenient because it mixes the propa-
gators of the gauge and Goldstone bosons. This is indeed a reflection from the fact
that Goldstone bosons are not actual physical massless particles; since the mixing
term should not appear in the Lagrangian once the fields have been rotated to the
physical basis. We can use the freedom of Eq. (2.36) to redefine the gauge boson
field in such a way that the Goldstone bosons disappear from the theory‡.
However, it is easier to see it at work in a simple example. For instance, in the
spontaneous breaking of a gauge U(1) symmetry, with a complex field φ→ eiα(x)φ,
with Lagrangian
L = 14FµνF
µν +Dµφ†Dµφ− V (φ†φ) (2.51)
where
Dµφi = ∂µφi − ieAµφ, Aµ → A′µ −
1
e
∂µα, (2.52)
and the field is parametrized as
φ = σ√
2
U(pi), U(pi) ≡ eipi/f (2.53)
where σ is the field acquiring a non-zero vev (f) and pi is the Goldstone boson field.
Therefore, the kinetic terms from Dµφ†Dµφ, involving the GB and the gauge boson,
once the σ field has acquired a vev (σ → σ + f), are
1
2(∂µpi)
2 + 12e
2f 2A2µ − efAµ∂µpi =
1
2e
2f 2
(
Aµ − 1
ef
∂µpi
)2
. (2.54)
Therefore, the specific gauge choice to make the GB disappear in the Lagrangian
(the unitary gauge) is simply α(x) = −∂µpi(x)/f , so the gauge field is redefined
as
A′µ = Aµ −
1
ef
∂µpi, (2.55)
and the expression above is reduced to 12e
2f 2A′2µ and thus the gauge field has acquired
a mass
mA = ef (2.56)
Besides, the scalar field has also to change accordingly due to the gauge transfor-
mation, so
φ→ eiαφ = U(pi)−1σ + f√
2
U(pi) = σ + f√
2
(2.57)
and it is clear the GB has disappeared in this gauge.
‡It is also possible to do this by introducing explicitly the gauge-fixing term required by the
Faddeev-Popov quantization procedure, which in the Rξ gauges can be chosen of the form
LGF = 12ξ (∂µA
aµ − ξgT aki〈φ〉iχk)2 . (2.50)
In this case, the kinetic mixing term between the gauge bosons and the GBs is cancelled auto-
matically. The Goldstone bosons acquire a mass proportional to the gauge fixing parameter, ξ, (a
gauge-dependent mass is another sign that they are in reality unphysical particles), so the unitary
gauge corresponds to the ξ →∞ limit, where they can be integrated out.
28
Chapter 3
The Higgs of the SM
3.1. The EWSB mechanism
In the SM we want to generate masses for three gauge fields: W+, W− and Z; while
keeping the photon, A, massless (since the symmetry breaking only affects the EW
gauge sector, the gluons will remain massless all along). That makes three degrees of
freedom will be needed to become the longitudinal modes of the massive bosons. As
explained throughout the previous chapter, one needs to introduce a new field with
a potential analogous to the one in Eq. (2.19) that keeps the Lagrangian invariant
under SU(2)L×U(1)Y ; while making the vacuum not invariant under the EW gauge
symmetry. Therefore, the new degrees of freedom must be charged under both the
weak and hypercharge symmetries in order to break the complete gauge group. The
simplest solution to this that also preserves the renormalizability of the Lagrangian
is to introduce a complex SUL(2) doublet, Φ, with hypercharge QY = 1/2, the
so-called Higgs doublet:
Φ =
(
Φ+
Φ0
)
. (3.1)
The charges are chosen according to Eq. (1.4) in a way that the electromagnetic
subgroup, U(1)em, is preserved, so the component acquiring a non-zero vev in the
symmetry breaking must be electrically neutral.
The most general gauge invariant Lagrangian for the Higgs field that can be con-
structed with renormalizable interactions (d ≤ 4) is:
LΦ = DµΦ†DµΦ− V (Φ)−
[
Q¯LΦ˜YUUR + Q¯LΦYDDR + L¯LΦYEER + h.c.
]
, (3.2)
where
DµΦ = ∂µΦ +
ig
2 W
a
µ τ
aΦ + ig
′
2 BµΦ, (3.3)
and YU , YD, YE are the so-called Yukawa matrices, which contain the couplings of the
Higgs boson with the three families of fermions. The Yukawa term for the up-type
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quark has to be constructed with the charge conjugate of the Higgs field in order to
preserve the EW gauge group:
Φ˜ = iτ 2Φ∗ =
(
Φ0∗
−Φ−
)
(3.4)
where the complex conjugation makes the term invariant under hypercharge and
the antisymmetric tensor, ij = (iτ 2)ij, contracts the left-handed doublets in a way
SU(2)L is preserved.
According to Sect. 2.3 the scalar potential should have a form
V (Φ) = µ2Φ†Φ + λ2
(
Φ†Φ
)2
, λ > 0. (3.5)
In the non-symmetric phase (µ2 < 0) it can be minimized with
〈Φ〉 =
√
−µ2
λ
(
0
1
)
≡ v√
2
. (3.6)
Excitations around this vacuum can be parametrized in polar coordinates as
Φ(x) = v + h(x)√
2
U(x)
(
0
1
)
, U(x) = eipia(x)τa/v, (3.7)
where it is made explicit that Φ contains four real degrees of freedom: three phases
(the would-be-GBs), pii(x), and a radial excitation, h(x), the physical Higgs boson
field that remains in the particle spectrum. The U can be expanded as
Φ(x) = 1√
2
(
ipi1(x) + pi2(x)
v + h(x)− ipi3(x)
)
+O
(
pi2i
)
. (3.8)
It is possible to eliminate the unphysical would-be-GBs fields ~pi(x) doing a gauge
transformation (i.e. going to the unitary gauge), so they are “eaten” by the gauge
boson fields (see Sect. 2.3).
Expanding Eq. (3.3) one finds
DµΦ = ∂µΦ +
iv√
8
(
g (W1 − iW2)
(−gW3 + g′Bµ)
)
. (3.9)
Therefore, in terms of the physical gauge fields defined as
W±µ =
1√
2
(
W 1µ ∓ iW 2µ
)
,
Zµ =
1√
g2 + g′2
(
gW 3µ − g′Bµ
)
, (3.10)
Aµ =
1√
g2 + g′2
(
g′W 3µ + gBµ
)
,
the kinetic term for the Higgs field in the unitary gauge has the form
(DµΦ)†(DµΦ) =
1
2∂µh∂
µh+ (v + h)
2
4 g
2W+µ W
−µ+ (v + h)
2
8
(
g2 + g′2
)
ZµZ
µ. (3.11)
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From this equation, the masses for the W and Z bosons can be read:
mW =
gv
2 , mZ =
√
g2 + g′2 v
2 , (3.12)
while the photon, Aµ, remains massless.
Eq. (3.1) shows how the weak gauge bosons W 1 and W 2 combine in the physical
W± bosons; while W 3 and Bµ combine to yield the Z boson and the photon. The
angle that rotates the mass matrix to provide the neutral mass eigenstates is the
weak angle, θW , which is related to the gauge coupling constants as
θW = arctan
(
g′
g
)
, (3.13)
which is not a prediction of the SM; but a free parameter, with sin2 θW ' 0.23 from
experimental data [41]. The electromagnetic coupling is
e = g sin θW = g′ cos θW . (3.14)
Going back to the scalar sector, the potential for h is
V (h) = m
2
h
2 h
2 + λv2 h
3 + λ8h
4, m2h = −2µ2 = λv2. (3.15)
Notice that both mh and λ are unknown parameters in the SM model. However,
it turns out that the vacuum expectation value of the Higgs field, v is precisely the
EW energy scale, vEW , which was known from experiments long before the Higgs
mechanism was proposed. They can be related through the Fermi constant, GF and
Eq. (3.12):
GF√
2
= 12v2EW
= g
2
8m2W
⇒ v = vEW = 246 GeV, (3.16)
thus the EW scale v can be determined form the EW gauge bosons masses and be
extracted for instance from the muon decay rate [41].
The fermions acquire a mass through the Yukawa interactions with the Higgs field.
In the unitary gauge the Yukawa Lagrangian reads
−v + h√
2
[
U¯LYUUR + D¯LYDDR + L¯LYEER + h.c.
]
, (3.17)
Therefore, once the Higgs boson acquires a vev, and after rotation to the fermion
mass eigenstate basis all fermions are given a mass that can be schematically written
as
mf =
yfv√
2
, (3.18)
where yf is the Yukawa coupling for each fermion. Note that the Higgs mechanism
does not provide any explanation for the disparity of fermion masses, often referred
to as the flavor puzzle.
Finally, the Higgs mechanism solves the loss of unitarity problem in the SM (see
Sect. 1.2). For instance, the Higgs contribution to WW scattering (see diagrams
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Figure 3.1: Diagrams contributing to the WW scattering at tree level (without
crossings). The amplitude from the diagrams in which a Higgs is exchanged adds
to Eq.(1.6) to make unitarity be restored.
in Fig. 3.1) precisely provides the necessary contribution to cancel the dependence
with the square of the energy that eventually violates unitarity, see Eq. (1.6).
In 2012 a new resonance of mass around 125 GeV was discovered at the LHC (see
Fig. 3.2) [1, 2], which so far seems consistent with the hypothesis of being a SM
Higgs boson. To simplify, we will thus refer to this scalar as the “Higgs boson”, h,
in the remaining part of this thesis.
Figure 3.2: The local p-value (solid line) as a function of the Higgs mass observed
in the CMS (left) and ATLAS (right) experiments by 2012 [1,2]. The dashed curve
is the expected local p-values for having a SM Higgs at a certain value for mH . The
p-value is a measure of the probability of seeing something at a certain spot against
the hypothesis that there is nothing there. The horizontal dashed red lines indicate
the p-values corresponding to different significances.
3.2. SM Higgs boson phenomenology at the LHC:
production and decay
In recent years both Higgs production cross sections and decay branching ratios
have all been calculated at high order in perturbation theory. They are shown in
Fig. 3.3 with their uncertainties. A summary of the computations can be found in
Refs. [51–54].
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Figure 3.3: SM Higgs computed production cross sections (left) as a function of the
center of mass energy for pp collisions and branching ratios (right) for a Higgs boson
mass near 125 GeV. The theoretical uncertainties are indicated as bands. Figure
taken from [41].
The main SM Higgs production channels at the LHC are gluon fusion (ggF), vector
boson fusion (VBF) and associated production with vector bosons (VH) or a pair of
top quarks (ttH); whose representative Feynman diagrams can be seen in Fig. 3.4.
In particular, at LHC the production is dominated by far by gluon-gluon fusion,
Figure 3.4: Representative Feynman diagrams for the Higgs main production modes
at LHC. From left to right: gluon fusion (ggF), vector boson fusion (VBF), associ-
ated production with a weak gauge boson (VH) and associated production with a
tt¯ pair (ttH). V stands for any of the weak gauge bosons, Z,W±.
with the largest contribution coming from a top quark running in the loop (since it
has the largest Yukawa coupling). Next comes VBF production; but despite being
tree-level, it is suppressed with respect to gluon fusion by the weak coupling and
the lower pdfs∗ of the quarks. It has however a very characteristic signature with
two forward hard jets from the scattered quarks.
On the other hand, the Higgs decay is dominated by bb¯; followed by the decays into
WW ∗, gluons, taus and ZZ∗. Decays into lighter particles are suppressed by their
Yukawa couplings and decays into photons or Zγ show a low branching ratio due
to being loop-induced. However, despite the low decay rate, h → γγ is one of the
channels with best sensitivity for the observation of a Higgs boson at LHC for its
high mass resolution and low background. The other relevant channel to observe
∗Parton distribution functions
33
Chapter 3. The Higgs of the SM
Figure 3.5: Higgs decay into photons occurs through a loop (dominated by tops).
the Higgs is h→ ZZ∗ → 4l (l meaning lepton) because leptons are easily measured
and the invariant mass can be reconstructed more easily than in the h→ WW ∗ →
l+νl−ν¯ case (where neutrinos are present). Finally, the decays involving hadrons are
difficult to measure due to the overwhelming QCD background.
3.3. The Higgs boson from experiment
The aim of this section is simply to briefly state the main properties of the observed
Higgs boson and summarize the current status of the experimental data.
Main quantum numbers: JPC = 0++
In brief, the discovered neutral particle was found to be a CP-even scalar of spin
J = 0 [55,56]. The fact that it was detected for the first time in the decay into two
photons (h→ γγ); since that photons are odd under charge conjugation (C), meant
that it should be a C-even state. Furthermore, the Landau-Yang theorem† [57, 58],
states that a massive particle with spin 1 cannot decay into a pair of identical
massless spin-1 particles; thus forbidding the observed particle to have J = 1 from
the observation in the diphoton channel. Finally, systematic analyses of different
decays (h → γγ, h → W (∗)W (∗) → lνlν and h → Z(∗)Z(∗) → 4l) yield that the
spin-parity of the boson is JP = 0+ (it has spin 0 and even parity), excluding the
other possibilities at more than 99% confidence level [59, 60].
Mass
The SM does not provide a prediction for the mass of the Higgs boson. It is measured
from the two channels with best resolution: γγ and ZZ. The combination from the
mass measurements by ATLAS and CMS is [61]
mh = 125.09± 0.21(stat.)± 0.11(syst.)GeV, (3.19)
which is a precision of 2%.
Width
†The Landau-Yang theorem does not apply if the observed state is not decaying to a pair of
photons but to a pair of scalars subsequently decaying to two very collimated pairs of photons.
However, this possibility is not experimentally favored.
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The total width for a 125 GeV SM Higgs boson is rather narrow [41,62]:
ΓSMh =
(
4.07× 10−3
)
+4.0%
−3.9% GeV. (3.20)
See Sect. 3.2 for a brief reminder of the main Higgs decay channels. The total width
is the sum of the decay rates for all the allowed decays of the particle. Therefore,
finding deviations from the expected value is very important regarding possible
new physics beyond the SM. For instance, if Γh was found to be larger, it could
indicate the Higgs effective couplings to visible particles are larger than in the SM
expectation, or even that the resonance is indeed two quasi-degenerate states.
The Higgs width is still well below the resolutions of LHC experiments, so just
constraints for it are available so far. Direct constraints can be obtained from
analyses of the reconstructed mass lineshapes in the same decay channels that allow
the best mass determination, γγ and ZZ [63, 64]. In the following table the direct
constraints at 95% CL obtained through this method by the two experiments are
shown:
Channel: h→ γγ h→ ZZ → 4l
ATLAS < 5.0 GeV < 2.6 GeV
CMS < 2.4 GeV < 3.4 GeV
All these constraints are much larger than the expected SM width and are fully
compatible with the SM hypothesis.
On the other hand, the best indirect constraint on the total width is obtained
by analyzing diboson (VV) decay channels using simultaneously on-shell measure-
ments (near the resonance peak, where the Higgs propagator is on-shell) and off-shell
measurements (away from the resonance peak, where the Higgs propagator is off-
shell). The best constraint obtained using this method has been determined by
ATLAS [65], being Γh < 5.7 ΓSM ≈ 23 MeV at 95% CL. This constraint is much
stronger than the direct bounds; but it was obtained under the assumption that
no new physics alters the Higgs boson couplings in the off-shell regime. CMS has
also derived a bound allowing for anomalous couplings of the Higgs boson, giving
as result Γh < 10.9 ΓSM ≈ 44 MeV at 95% CL [66].
Couplings to SM particles
As shown in Eq. (3.20), the SM Higgs boson is expected to be a narrow resonance
(Γh/mh is small), so it is possible to factorize the production and decay of the Higgs
boson in an individual channel:
σ(i→ h→ f) = σ(i→ h) ∗BR(h→ f) = σ(i→ h)Γ(h→ f)Γh , (3.21)
where Γh is the Higgs total width. BR stands for the branching ratio of the decay,
which measures the fraction of events for the particle to decay through a particular
channel, so it is given by the ratio between the partial and total decay widths.
Higgs data is usually expressed in terms of the so-called signal strengths. These
parameters are defined as the ratio between the observed rate and the SM prediction.
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For a process i→ h→ f
µfi =
σ(i→ h)BR(h→ f)
σSM(i→ h)BR(h→ f) . (3.22)
Using the narrow width approximation as above the individual signal strengths can
be factorized:
µfi = µiµf , µi =
σ(i→ h)
σSM(i→ h) , µ
f = BR(h→ f)
BR(h→ f) . (3.23)
By definition, all µfi = 1 for a SM Higgs boson. The simplest test of compatibility
of the experimental data with the SM expectation is to assume µi = µf = µ for
all production decay channels; so all SM predictions are scaled by a global signal
strength µ. A fit for this from the latest combined data from ATLAS and CMS
provides the value [67]
µ = 1.09+0.11−0.10, (3.24)
which is compatible with the SM. The fits to the individual signal strengths for the
most relevant production and decay modes are shown in Fig. 3.6.
Parameter value
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Figure 3.6: ATLAS and CMS fit results for the signal strengths for the different Higgs
production (left) and decay (right) channels. On the left plot the measurements for
the global signal strength µ are also shown. Figure taken from [67].
The Higgs couplings are not measured directly, instead it is their ratio with the SM
predictions that is determined. Deviations from the SM in the Higgs couplings can
be parametrized within the κ-framework [68]; where some rescaling factors for every
production cross-section and decay width of the h particle are introduced:
κ2i =
σ(i→ h)
σSM(i→ h) or κ
2
f =
Γ(h→ f)
ΓSM(h→ f) , (3.25)
in such a way that all κi = 1 if h is the SM Higgs. This amounts to a rescaling of
the couplings of the SM; so in this way it is possible to rewrite the relevant part of
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the Lagrangian for the Higgs production and decay in the following form:
Lh =−
∑
f
κf
mf
v
f¯fh+ κZ
m2Z
v
ZµZ
µh+ κW
m2W
v
W+µ W
µ−h
+ κg
g2s
48pi2vG
A
µνG
Aµνh+ κγ
e2
16pi2vAµνA
µνh+ κZγ
e2
4pi2vAµνZ
µνh.
(3.26)
It is clearly seen in this equation that the main limitations from the κ-framework
are that there are no different Lorentz structures than in the SM and that the
Lagrangian is not explicitly invariant under the whole SM gauge symmetry, although
it does respect the electromagnetic gauge group. Therefore it is just suited to treat
deviations from the SM at leading order‡; but it works well in fits based on total
rates. Interference effects from different subprocesses can provide some sensitivity
to relative signs between different Higgs couplings.
γκ
0.6 0.8 1 1.2 1.4 1.6
g
κ
0.6
0.8
1
1.2
1.4
1.6 Run 1 LHC
CMS and ATLAS ATLAS+CMS
ATLAS
CMS
68% CL 95% CL Best fit SM expected
Figure 3.7: Negative log-likelihood contours at 68% and 95% CL in the (κg, κγ) from
ATLAS and CMS experiments. The fit is obtained by constraining all other coupling
modifiers to 1 and assuming no BSM contribution to the Higgs width. Figure taken
from [67].
The last three terms in (3.26) are effective couplings generated at one-loop in the
SM. Fig. 3.7 shows the fit to κg and κγ assuming there is no BSM contribution to
the h couplings to SM particles, so the presence of BSM resonances in the loop can
be tested. It is found that the SM point (κg = κγ = 1) lies within the 68% CL
contour and the p-value of the compatibility with the SM is 82% [67]. This makes
the assumption that there are no BSM particles in those loops a reasonable one,
as it is done in the fit shown in Fig. 3.8. Both fits in that figure show that the
experimental data is generically consistent with the SM expectation; although the
error bars are still quite large.
The Higgs boson couplings to SM particles depend on their masses. In particular,
Higgs couplings to fermions depend linearly on their masses and are flavor diagonal;
‡Most dominant higher-order QCD corrections factorize though.
37
Chapter 3. The Higgs of the SM
1.5− 1− 0.5− 0 0.5 1 1.5 2
BSMB
|γκ|
|gκ|
|bκ|
|τκ|
tκ
Wκ
Zκ
 0≥ BSMB
 1≤| Vκ|
Parameter value
1.5− 1− 0.5− 0 0.5 1 1.5 2
BSMB
|γκ|
|gκ|
|bκ|
|τκ|
tκ
Wκ
Zκ
 = 0BSMB
 Run 1LHC
CMS and ATLAS
ATLAS+CMS ATLAS CMS
σ1±
σ2±
Figure 3.8: ATLAS and CMS fit results for the coupling modifiers both allowing
(left) and not allowing (right) BSM contributions (BBSM) to the Higgs width. The
hatched areas show the non-allowed regions for κt, which is assumed to be positive
without loss of generality. Figure taken from [67].
while couplings to the W and Z bosons are proportional to the square of their mass
(see Sect. 3.1). Fig. 3.9 shows the fit for the measured couplings as a function of the
particle masses [67]. This way it can be clearly seen how the couplings scale with
the particle mass as in the SM expectation (see dashed line on the plot).
As some couplings are very weak (Higgs couplings to the lighter fermions or its own
self-couplings), it is very challenging to probe them and so they are missing in the
fits shown here. There are several other fits to study the compatibility of the Higgs
couplings with the SM; see Refs. [41,67,70].
3.4. Triviality and Stability
It is possible to compute how the quartic coupling of the Higgs potential (λ in
Eq. (3.5)) runs with the energy scale§. It turns out that within the values in the SM
for the Higgs couplings, λ remains perturbative all the way up to the Planck mass.
For large values of λ, the running with energy is approximately
λ(µ) ∼ λ(µ0)
1− 3λ(µ0)4pi2 log
(
µ
µ0
) , (3.27)
§See for instance Ref. [71] for a computation of the SM renormalization group equations, with
the Higgs self-coupling being one of them.
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Figure 3.9: Best fit values of the Higgs couplings as a function of the particle mass
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is the reduced coupling for the weak gauge
bosons, where v = 246 GeV is the Higgs vacuum expectation value. The [M, ] fit
is explained in [69]. The dashed (blue) line indicates the SM prediction and the
ratio of the reduced couplings to the SM expectation is shown in the bottom panel.
Figure taken from [67].
where µ is the energy scale and µ0 is some fixed energy scale. All gauge and Yukawa
contributions have been neglected (which is a reasonable approximation for large
λ). From the equation it can be seen that the coupling would grow with µ until it
will eventually hit a pole at
µ˜ = µ0 exp
(
4pi2
3λ(µ0)
)
. (3.28)
µ˜ might be pushed to infinity, while fixing λ(µ0) to a finite value; so it is equivalent
with taking the limit µ0 →∞ in Eq. (3.27) so the effective coupling λ(µ)→ 0 and
thus the theory is non-interacting or, in other words, trivial. A way out of this is
to assume the existence of a physical cut-off, for instance the Planck mass, MP ≈
1.22 1019 GeV, and fix µ0 = v = 246 GeV, the EW energy scale. This provides an
upper bound on the coupling that translates into the Higgs mass m2h = λ(v)v2:
λ(v) < 4pi
2
3 log
(
MP
v
) ⇒ m2h < 4pi2v23 log (MP
v
) ≈ (144 GeV)2. (3.29)
Since the Higgs boson has been found to be quite light (see previous section), this
bound is satisfied. Besides, the limit gets less restricted as the cut-off decreases and
it assumed a large λ (large Higgs mass) from the start.
Indeed, in the SM, with a Higgs mass of 125 GeV and the EW scale v = 246 GeV,
the quartic coupling is rather small, λ = 0.13. For small λ, the main contributions
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Figure 3.10: Stability, meta-stability and instability regions of the SM vacuum in
terms of Higgs and top pole masses. On the right zoom in the meta-stability region
showing the 1σ, 2σ and 3σ regions of the preferred experimental range of the Higgs
and top pole masses. Figure taken from [72].
to its Renormalization Group Equation (RGE) – i.e. its running with the energy
scale – come from the weak gauge bosons and the top quark:
µ
dλ
dµ
≈ 34pi2v4
(
2m4W +m4Z − 4m4t
)
. (3.30)
In particular the top quark contribution eventually wins at large energies, making
λ negative, so the potential becomes unbounded from below.
In the SM the λ coupling becomes negative at around 1010 GeV [72–75]. It actually
turns out that the SM parameters are precisely such that they keep the SM in
meta-stability (see Fig. 3.10); i.e. the SM vacuum is just a local one and at larger
energies there is the global one to which the SM can decay through tunneling effects.
The tunneling probability is proportional to e−1/λ, and λ only gets slightly negative
with the SM parameters, so the EW vacuum would remain stable with an expected
lifetime much larger than the age of the Universe. Still, all this analysis relies on
the assumption that there is no new physics anywhere up to the Planck scale.
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Having a light Higgs
4.1. Naturalness and the “Hierarchy Problem”
The notion of naturalness in particle physics is often formulated in terms of the
definition given by t’Hooft [76]:
“At any energy scale µ, a physical parameter or set of physical parame-
ters αi(µ) is allowed to be very small only if the replacement αi(µ) = 0
would increase the symmetry of the system”.
There has been occasions in the past where naturalness has been a guide for new
physics. A beautiful example of this is the prediction of the charm quark mass:
in Ref. [77] a quite accurate estimation of the charm quark mass was proposed in
order to explain the suppression of flavor-changing neutral currents in kaon physics
through the GIM mechanism [78].
The so-called Hierarchy Problem (HP) can be stated as the failure of the SM to
provide a natural explanation for the lightness of the Higgs particle. The technical
reason for this is that when loop corrections of the self-energy of the Higgs scalar
are computed (the result obtained is proportional to the UV cut-off scale squared
(Λ2). Then the bare Higgs mass, m20 has to be big enough to cancel the corrections,
∆m2H , to yield the physical mass
m2h = m20 + ∆m2H(Λ2) . (4.1)
Therefore, there would not be a problem if the SM, which is a renormalizable theory,
does not break down at any scale and there is no NP coupled to the Higgs. However,
there are good reasons to think there has to be NP somewhere, since it is indicated
by observations outside the SM, as it was introduced in the Motivations to this
thesis.
In conclusion, the hierarchy problem appears whenever there is NP with particles of
mass Λ that couple to the Higgs, as the associated loop corrections to its self-energy
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will push its mass up to the new scale by terms of order Λ2. This means that the
Higgs is sensitive to any beyond the standard model (BSM) scale coupled to it, and
it is actually very easy to construct operators containing a scalar via terms with |φ|2
coupled to any kind of new particle (for instance, right-handed neutrinos as in type
I seesaw).
Eq. (4.1) then points to a fine-tuning problem, depending on the gap between Λ
and v, the EW scale. The fine-tuning manifests itself only in the corrections to
the elementary scalar in the theory, and not to any other particle of the SM, due
to the gauge symmetry that is protecting their masses; i.e. the gauge symmetry
protects explicit mass terms for fermions and gauge bosons in the Lagrangian, while
a mass term for a scalar boson is allowed. Note that it might be argued that there
are renormalization schemes in which the hierarchy problem can be avoided, as,
for instance, dimensional regularization, where there is no cut-off dependence; but
this reasoning is misleading. Indeed, the hierarchy problem is much more than
a question of an absorption of loop divergences; it has to do with the lack of a
natural explanation for the huge gap in energy scales between EW physics and any
New Physics (NP). Or put in other words, it has to do with the unnaturalness (i.e.
fine-tuning) in the parameters of the low energy theory (the SM), which should be
reproduced by a NP superseding theory at higher scales.
Of course, the hierarchy problem might be regarded as only a theoretical consider-
ation, and maybe we just should learn to live with fine-tunings in the parameters
and abandon the idea that they are indications calling for new physics. However, as
in the case of the charm quark mentioned above, naturalness issues could point to
new physics and in this sense it is considered a worthy discussion.
A possible solution to the hierarchy problem is to introduce a symmetry that protects
a mass term for the h scalar; just as fermion and gauge boson mass terms are
protected in the SM model by the gauge symmetry. We will come back to them
later.
There are also possibilities without implementing new symmetries. For instance, it
is possible to justify the HP through anthropic arguments: an EW vev at around
246 GeV can be explained from baryon stability [79]. Therefore, assuming a self-
coupling of the order of the SM one, the Higgs is found to be light because that is
the one having the right properties for our existence; so fine-tuning is no longer a
problem. However, that explanation is at the expense of assuming that there are
different values of the physical parameters in different regions of the universe (or in
different parallel universes).
Another possibility, which was proposed very recently [80] – see also Ref. [81], is
the so-called relaxion mechanism. In this theory the SM Higgs couples to a new
field, the relaxion, so the Higgs mass depends on the value of this field. As shown
in Fig. 4.1, the relaxion has a potential with many local minima; so that at present
times it is sitting on one of those minima, such that the Higgs mass has the observed
value. However, one has to find a suitable candidate for the relaxion particle and
another recent work [82] has discussed whether a relaxion model is consistent in its
simplest implementation.
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Figure 4.1: The potential for the relaxion field, φ, which rolls down during inflation
until the EWSB stops the time dependence and the EW scale is fixed and the
relaxion field stays at one of the minima. From Ref. [80].
Two main approaches study the possibility of a symmetry protecting the Higgs mass:
low-scale supersymmetry (SUSY) and the Higgs as a pseudo-Goldstone boson (pGB).
In SUSY there are two Higgs doublets and each particle in the SM is accompanied
by a superpartner (an sparticle), which contributes to the Higgs self-energy with
opposite sign with respect to that of the SM particle. Indeed, if the SUSY symmetry
is not broken, the superpartners have the same mass and the whole correction to
the Higgs mass vanishes.
Furthermore, supersymmetry has very interesting properties; since it makes possible
for the strong, weak and hypercharge gauge couplings to unify at high energies and
also the lightest supersymmetric particle (LSP) as it is usually predicted in SUSY
models constitutes a good candidate for cold dark matter (it is stable due to R-
parity, neutral and has the right relic abundance). Supersymmetry also have other
very interesting properties motivated by some theoretical problems. For instance,
it allows to combine the gauge interactions with gravity within the supergravity
framework.
Nevertheless, no SUSY particle has been seen so far. Actually, no particle associated
with NP has been detected at the LHC yet, which seems to point to a gap in the
spectrum. The non-observation of superpartners also means that supersymmetry
must be broken somehow. If it turns out that the masses of the new particles are
too heavy, there might still be a fine-tuning problem. Therefore, it is argued that
the scale of a supersymmetric model to explain the hierarchy problem, at least in
its simplest implementations, should not be too far away from the TeV scale.
As it was stated in the Motivation for this thesis, our focus has been on the study
of the implications of the pseudo-GB possibility. This possibility has the interesting
feature of providing a natural energy gap, as it will be explained below; although
it is not free from fine-tunings either. To introduce the idea, which will be done in
Sect. 4.3, it is instructive first to revise the possibility of describing EWSB without
a Higgs particle.
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4.2. Higgsless EWSB
As it was briefly introduced in Sect. 2.2.2, in the non-linear sigma model it is possible
to describe the spontaneous chiral symmetry breaking of QCD chiral symmetry by
means only of the GB degrees of freedom, at the expense of losing renormalizability.
This was the inspiration for technicolor models, which began to be developed in the
late 1970s [83–87].
Let us consider again QCD with two flavors of massless quarks, so it has a SU(2)L×
SU(2)R chiral symmetry; which is broken by quark-antiquark condensates producing
three pions as GBs. When the SU(2)L×U(1)Y interactions are turned on, the EW
gauge bosons will couple to the three broken axial currents, “eating” the pions
as it is expected to happen when a local symmetry is broken spontaneously (see
Sect. 2.3). The pions have thus become the longitudinal components of the gauge
bosons and therefore are no longer present in the spectrum. The gauge bosons have
then acquired a mass of order g fpi where g is the corresponding gauge coupling
and fpi is the pion decay constant (the energy scale of the GBs). However, since
the pion decay constant is measured to be fpi ≈ 92 MeV, this mass is far too low,
just around 30 MeV. See Refs. [88,89] for a good pedagogical description of EWSB
induced through QCD chiral symmetry spontaneous breaking.
One can then try to extend this and add to the model a SU(NTC) technicolor
gauge sector with a global SU(2)L × SU(2)R symmetry. Let us assumed this is a
confining theory, analogously to QCD, so condensates of “techniquarks” break the
chiral symmetry spontaneously producing at least 3 GBs. The new GBs energy scale
can now be pushed upwards to be the EW scale, Fpi ' v = 246 GeV (v2 = f 2pi + F 2pi ,
fpi  Fpi); a value that can provide the right values for the masses of the W± and Z
gauge bosons. In this context it is a linear combination of the standard pions and
the new technipions that becomes the longitudinal components of the gauge bosons.
But since fpi  Fpi, the longitudinal components of the gauge bosons will mostly be
the technipions; while the physical pions will mostly be the QCD pions.
In its simplest implementations, there is no light Higgs scalar in the technicolor
spectrum. As commented in Sect. 1.2, in such an scenario unitarity is lost and the
EWSB sector is strongly-interacting at high energies. Nevertheless, unitarity in the
scattering of longitudinal gauge bosons is restored due to the contribution from a
tower of new composite resonances. The strength of the interaction would indeed
grow with energy; but as the energy is high enough for the composite resonances to
start being produced and contribute to the scattering, the effective theory breaks
down and the unitarity bound is not violated. The spectrum would in fact be like
a heavier replica of that of QCD. Thus the most relevant contribution is expected
to be that of the lightest resonance (the “technirho”) and its mass can be estimated
in terms of that of the ρ meson in QCD (mρ ≈ 775 MeV) by means of the large-N
approximation [90–92]:
mTCρ ∼
Fpi
fpi
√
NC
NTC
mρ ≈ 1.8 TeV, NTC = 4, (4.2)
so the new resonances are expected to appear at the TeV. Therefore, technicolor
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solves the hierarchy problem of the EW scale because it is generated in such a way
that it can have much lower values than the typical resonances of the SU(NTC)
theory.
However, most simple technicolor models are plagued by flavor-changing neutral
currents (FCNC); which depends on the implementation of quark masses in the
model and thus is rather model-dependent. Moreover, they are strongly constrained
by electroweak precision observables (EWPO), in particular by the so-called Peskin-
Takeuchi parameters S and T [93–95].
4.3. The Higgs as a pseudo-GB
There is a way to construct a hybrid theory between technicolor and elementary
Higgs models. This was proposed by Georgi and Kaplan in the eighties with a
SU(5) symmetry spontaneously broken to SO(5) [7], see also Refs. [7, 96–99]. This
theory is an example of composite Higgs models. The aim of this section is to revise
the main features of these models, as they are an excellent example of why they
provide a way to evade the hierarchy problem, before going on to comment briefly
on different modern approaches; which serves as the final part of the prelude to
present the work done for this thesis.
In the theory of Georgi and Kaplan, it is assumed there is some strong dynamics
given by an “ultracolor” theory with some global symmetry. The ultracolor theory
is assumed to confine, so, just as the pions in QCD, the Higgs particle, h, arises
as a bound state, at a lower scale than the ultracolor confinement scale because it
is a pGB, associated to the spontaneous breaking of the global symmetry by the
ultrafermion-antiultrafermion condensate.
Now, the main difference of these models with respect to technicolor is that the
ultracolor interaction does not directly break SU(2)L × U(1)Y . At this level, the
gauge bosons, together with the light fermions remain massless still. Also the Higgs
particle remains massless, as any of the other GBs. Therefore, an independent source
of breaking of the EW symmetry has to be introduced at a lower scale, which should
also break explicitly the global chiral symmetry. This provides an effective potential
for the h field, which triggers EWSB and thus provides mass both to the EW gauge
bosons and the Higgs particle, differentiating it from the other GBs by making it a
pGB instead.
In consequence, these models are characterized by the existence of separate energy
scales in the theory. On the one hand, there is the characteristic scale of the ultra-
color theory, Λ, around which the tower of resonances is expected to appear. On the
other hand, below, there is the characteristic scale of the GBs of the theory (which
include the Higgs particle), f . These two scales are separated by a gap, alike the
gap between the light mesons and the other heavier resonances that exists in QCD,
with
Λ . 4pif, (4.3)
see Ref. [100].
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The vev of the Higgs field, 〈h〉, i.e. the scale at which the EWSB occurs. Finally, v,
the EW scale, appears here as a fine-tuning introduced to obtain the right masses
for the W± and Z gauge bosons. It is thus possible that 〈h〉 and v do not coincide;
but there is always a model-dependent relation that links together f , 〈h〉 and v.
The ratio
ξ = v
2
f 2
(4.4)
parametrizes the degree of non-linearity of the Higgs dynamics. It is important for
phenomenology as it enters, for example, in the Higgs couplings, so the fine-tuning
can be easily constrained from experimental data (see Refs. [32, 33, 101] and also
Sect. 9.1). It takes values between 0 and 1. When ξ → 0 it refers to the linear
regime, since it corresponds to f →∞, i.e. Λ→∞, so it is equivalent to recovering
the SM, as there would be no way to distinguish the composite Higgs from an
elementary one. On the other hand, ξ = 1 refers to the non-linear regime, as f = v
makes the extreme case of technicolor models.
The SU(5) → SO(5) breaking pattern mentioned at the beginning of this section
implies that 24 generators are broken, so 24 GBs should appear as a result. Three
of them are needed to be absorbed in order to become the longitudinal compo-
nents of the EW gauge bosons, and one will turn out in the end to be the Higgs
pseudo-GB, so all the rest need to be given a heavy mass, so they do not affect
low energy phenomenology. For this reason, most successful recent composite Higgs
models implement a SO(5) → SO(4) breaking instead (see Refs. [30, 102]); so only
the necessary minimal amount of GBs (four) are produced. Models considering a
SO(6) → SO(5) [103] are also interesting because the extra pseudo-GB can pro-
vide a dark matter candidate, and because it is isomorphic to SU(4) → Sp(4);
interesting in terms of a possible UV completion with a purely fermionic gauge
theory [104–106].
The gauging of the SM symmetry group is not enough to induce the explicit break-
ing; but in many of these models (for instance, in [30] or see Sect. 8.2 and other
references therein), the gauging of the EW symmetry is combined with the inclusion
of linear couplings between the heavy resonances and the SM fermions; giving rise
to a scenario alike partial compositeness [35]; since as a consequence the SM physical
particles emerge after the diagonalization to the mass basis as a superposition of the
SM original fields and the new heavier states.
These models avoid the hierarchy problem mentioned above, since the Higgs, being
a pGB, has a mass that is protected by the global approximate symmetry against
quantum corrections. Furthermore, they provide a natural energy gap; which has
become an interesting feature, since the discovery of the Higgs particle has not
been accompanied so far by any sign of any other new exotic resonance. However,
significant fine-tunings seem to plague composite Higgs models, coming from EWPO
or because they quite generally require resonances associated with the top quark (top
partners) not to be far from the TeV scale [32,33,107–110]. Also custodial symmetry
breaking (see Sect. 5.2) imposes restrictions on these models, so realistic possibilities
need are forced to include a custodial symmetry in order to protect for instance the
Zbb coupling [111].
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Some UV completions of composite Higgs models in the market involve an extra
dimension in the context of Randall-Sundrum scenarios [112] and make use of the
AdS/CFT correspondence; which relates a weakly coupled model of gravity in Anti-
de Sitter spacetime (AdS) in 5 dimensions with a strongly coupled Conformal Field
Theory (CFT) in 4 dimensions; see for instance Refs. [30,113,114].
Other examples with a Higgs boson realized as a pseudo-GB are little Higgs mod-
els [115–117]. As Georgi explains in [118], the problem in the original models was
that it was necessary to introduce two independent sources of breaking of the global
symmetry so they contribute differently to the mass and the quartic coupling of the
Higgs particle, and thus prevent the Higgs vev from being large. Little Higgs models
manage to bypass this by including two (or more) symmetry groups in such a way
that each of the associated couplings preserve a symmetry leaving the Higgs as an
exact GB; while they break completely the symmetries protecting the Higgs when
they act together, and hence this technique is given the name of collective symmetry
breaking. In this way they ensure that quadratically divergent contributions to the
Higgs mass do not arise at one loop.
In the second part of this thesis an effective field approach is discussed to analyze
the implications of a Higgs as a pseudo-GB; while in the third and final part of the
thesis a simple toy model and its connection with effective field theory is described.
In this model, no composite dynamics is explicitly assumed or described; so it can
be used either as a theory of elementary fields or an effective model with a cut-off
representing some strong dynamics through a σ particle like that of the linear sigma
model of QCD.
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Chapter 5
Effective Lagrangians
5.1. Generalities of EFTs
Without specifying a specific model, there is still useful information about new
physics that one can extract by making use of an effective approach. This exploits
the fact that, usually, in order to describe the physics at a particular energy scale,
one does not need to know the details of physics at other scales; being enough just
to keep the relevant degrees of freedom at the scale of interest.
Indeed, Effective Field Theories (EFTs) have been a successful tool in the past and
probably the best known example is the Fermi theory of beta decay. Let us review
it briefly. It is based on an operator constructed as a contact interaction between
the fermions involved in the decay (n→ p e−ν¯e):
LFermi = −GF√2J
µJ†µ , (5.1)
where the strength of the interaction is parametrized with GF , the Fermi constant,
and the current contains both the quarks and leptons Jµ =
∑
ij u¯iγµ(1− γ5)Vijdj +∑
l ν¯lγµ(1− γ5)l, with Vij the Cabibbo-Kobayashi-Maskawa mixing matrix.
We know nowadays that the Fermi theory is a low energy theory of the weak interac-
tions. Actually, it is easy to obtain it from the underlying theory, SU(2)L × U(1)Y .
At low energies (as compared to the cut-off of the Fermi theory, the EW scale)
physical W bosons are not produced. In this case, a virtual W boson is exchanged
in the process. Since the momentum transferred is small compared to the W mass,
an expansion of the propagator can be performed:
−gµν + qµqν/M2W
q2 −M2W
−→
q2M2W
gµν
M2W
. (5.2)
Plugging this in the computation of the amplitude of the process with the full EW
theory, the four-point interaction of Eq. (5.1) is obtained. This yields a relation for
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the effective Fermi constant by matching with the high energy parameters:
GF√
2
= g
2
8M2W
. (5.3)
Expanding further the W boson propagator, higher order corrections to (5.1) can
be obtained.
In general, an effective field theory is formulated via an effective Lagrangian
L = ∑
i
ciOi , (5.4)
consisting in a set of operators, Oi, constructed from the low energy fields. The
operators are accompanied by a set of arbitrary coefficients, ci, which encode the
high energy physics and have to be determined phenomenologically. The tower of
operators is usually organized according to their dimension, [Oi] = di, as this fixes
the dimension of the associated coefficient, depending on the powers of the cut-
off scale, Λ, needed to suppress it so all the terms in the Lagrangian have mass
dimension four:
ci ∼ 1Λdi−4 , (5.5)
Therefore, there is a finite set of parameters to compute all the physical quantities
at a characteristic energy E at each order, k = di − 4, in the effective expansion.
Thus the error made by including interactions up to order k is of the order (E/Λ)k.
For this reason, EFTs typically yield best results when the separation between the
scale of interest and the scale of the NP, i.e. the cutoff, is large. Increasing the
energy means that the non-renormalizable interactions will become more and more
important, until the effective theory eventually breaks down.
Finally, the effect from the high-energy theory is not only in the coefficients of the
effective expansion, but it also constrains the structure of the low-energy theory from
the symmetries it imposes on it, as it will be seen in the following section.
5.2. The Chiral Effective Lagrangian
In the case of theories with spontaneously broken symmetries, the general formal-
ism for an effective Lagrangian was developed by Callan, Coleman, Wess, and Zu-
mino [119, 120]. Let us first describe the case of a chiral theory without a Higgs,
which is analogous to chiral QCD with pions. In Sect. 2.2.2, we introduced the non-
linear sigma model, where the σ particle is integrated out so the description can be
made in terms of the GBs, which are contained in a dimensionless unitary matrix,U,
transforming as a bidoublet of the global chiral symmetry SU(2)L × SU(2)R:
U(x)→ LU(x)R† , (5.6)
where L, R denote the SU(2)L,R global transformations.
It turns out that the Higgs sector of the SM also exhibits an accidental global
chiral symmetry SU(2)L × SU(2)R, which is spontaneously broken to the diagonal
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vector subgroup when the Higgs field acquires a vev, which actually is the so-called
custodial symmetry, SU(2)V . The symmetry can be made manifest by taking the
Higgs doublet in Eq. (3.1). Then an EW bi-doublet can be written by means of
both the doublet and its conjugate
Σ =
(
Φc , Φ
)
=
(
Φ0∗ Φ+
−Φ− Φ0
)
→ 〈Σ〉 =
(
v 0
0 v
)
, (5.7)
which is such that it transforms as Σ → LΣR†. It is easily seen from the above
equation that the vev the Higgs takes upon EWSB breaks down the chiral symmetry
to the (diagonal) custodial one. can be constructed in order to study Higgsless
EWSB.
The custodial symmetry is actually only approximate; as the gauging of only part
of the SU(2)R group to obtain the U(1)Y explicitly breaks it. Indeed, in the g′ = 0
limit, the three massive gauge bosons W± and Z have degenerate masses; while
g′ 6= 0 leads to the well-known splitting relation
MW = cosθWMZ , (5.8)
where θW is the Weinberg angle of the SM (see Sect. 3.1). This relation must hold
for any Higgs mechanism respecting the custodial symmetry and it thus provides
an excellent tool to test BSM physics through the measurement of deviations to the
so-called rho parameter∗
ρ = M
2
W
cos2θWM2Z
. (5.9)
Yukawa terms in the Lagrangian also violate custodial symmetry if the masses of
the two components of the fermion doublets are not degenerate.
Going back to the effective Lagrangian formulation, it is also useful to define
Vµ(x) ≡ (DµU(x))U†(x) = −U(x)(DµU†(x)) , (5.10)
where Dµ is the covariant derivative
DµU(x) ≡
(
∂µ +
ig
2 τ
aW aµ (x)−
ig′
2 τ
3Bµ(x)
)
U(x) , (5.11)
τa are the Pauli matrices (generators of SU(2)), W aµ , Bµ denote the SU(2)L, U(1)Y
gauge bosons, respectively, and g and g′ are the corresponding gauge couplings.
Under the custodial symmetry, Vµ transforms in the adjoint of SU(2)L
Vµ(x)→ LU(x)L† . (5.12)
while being a singlet under SU(2)R. Another useful structure is
T(x) ≡ U(x)τ3U(x)†, T(x)→ LT(x)L†, (5.13)
∗At tree level in the SM ρ = 1. The current experimental value for the rho parameter is
ρ = 1.00040 ± 0.00024 [41]. Any BSM theory must respect this experimental constraint, which
means there is little room for custodial violation in NP. Unless specified, the expression “custodial
violating” in what follows will just refer to BSM custodial breaking effects.
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which also transforms under SU(2)L as a vector. However, it does not have a
well-defined transformation under SU(2)R: it is invariant with respect to the third
component (which is related to hypercharge); while it does break explicitly the other
two components of the group.
With these elements it is thus possible to build the most general effective bosonic
Lagrangian respecting the chiral symmetry. As is explained in Sect. 2.2, GBs are
invariant under shifts, so they couple via derivatives. Each derivative in the effective
operators will translate into factors of momentum in the computation of amplitudes,
meaning that at sufficiently low energies (as compared to the cut-off of the effective
field theory), there is an effective Lagrangian that can be organized by the number
of derivatives in the different operators (which is indeed their dimensionality, since
U is adimensional). This systematic classification of the effective chiral operators in
terms of a (p/Λ) expansion is also known as Weinberg’s counting rule [121].
On the other hand, in order to include the fermions in the chiral effective basis they
have to be arranged in doublets of the SU(2)L or SU(2)R symmetries. The LH
doublets are those already present in the SM and the RH ones are analogous:
QR =
(
UR
DR
)
, LR =
(
NR
ER
)
, (5.14)
where NR stands for RH neutrinos added to the SM (although the origin of neu-
trino masses will not be discussed in this thesis). The chiral (or non-linear - NL)
Lagrangian containing the SM is therefore written as
LNL = L0 + ∆LNL, (5.15)
where the leading order (LO) piece, L0, has the form
L0 =− 14GµνG
µν − 14WµνW
µν − 14BµνB
µν
− v
2
4 Tr (VµV
µ) + cTv
2
4 (Tr(TVµ))
2
+ iQ¯ /DQ+ iL¯ /DL− v√
2
[
Q¯LUYQQR + L¯LUYLLR + h.c.
]
,
(5.16)
where color, weak and flavor indices are omitted for simplicity. Also the θ term
for QCD has been omitted for brevity. The Yukawa matrices are defined as 6 × 6
block-diagonal matrices in flavor space: YQ = diag(YU , YD), YL = diag(0, YE). From
Eqs. (5.12) and (5.11), it is immediate to see that the GBs kinetic term, Tr (VµVµ),
yields the masses for the EW gauge bosons.
In the bosonic sector, the next-to-leading order (NLO) is given by the Appelquist-
Longhitano basis, and consists in a complete basis of independent invariants made
of operators with up to four derivatives. See Refs. [16–19,122,123].
5.3. Including a light Higgs
In recent years the chiral formulation has been expanded to include a light Higgs
particle h [20, 21, 124–127]. We will refer to this effective expansion as the Higgs
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Effective Field Theory (HEFT). Since the physical h is considered a singlet under
the SM, it is customary to include its interactions in the chiral Lagrangian via
adimensional generic polynomial functions [19–21]:
Fi(h) = 1 + 2aih
v
+ bi
h2
v2
+ .... (5.17)
As explained in Sect. 4.3, the GBs scale is f , so a priori the expansion should be
in h/f (analogously to the expansion in pi/fpi for pions in QCD), with coefficients
expected to be of order one. However, it is standard to choose to write h/v, reflecting
the fine-tuning in composite Higgs models given by ξ = v2/f 2. Thus the parameters
within F(h) are expected to be proportional to this ratio, justifying the truncated
expansion of the Fi(h), up to h2. This is the same fine-tuning that imposes a v2
factor in front of Tr (VµVµ) in order to obtain the right gauge boson masses, despite
a f 2 would have seem more natural within the chiral expansion.
The LO Lagrangian of Eq. (5.16), is thus modified to be (disregarding the custodial
breaking (Tr(TVµ))2 operator, see discussion below):
L0 =− 14GµνG
µν − 14WµνW
µν − 14BµνB
µν − v
2
4 Tr (VµV
µ)FC(h)
+ iQ¯ /DQ+ iL¯ /DL− v√
2
[
Q¯LUYQ(h)QR + L¯LUYL(h)LR + h.c.
]
+ 12∂µh∂
µh− V (h),
(5.18)
where the Yukawa coupling matrices contain also generic functions of h, with YI(h) =∑
n
Y
(n)
I
hn
vn
(I = U,D,E). This Lagrangian is equivalent to the SM one in the
limit
FSMC (h) =
(
1 + h
v
)2
, YSMI (h) = YI
(
1 + h
v
)
,
VSM(h) =
m2h
2 h
2 + λv2 h
3 + λ8h
4, (m2h = λv2).
The reason why gauge boson kinetic terms of Eq. (5.18) do not contain any F(h)
function is that they involve only transversal components; which are assumed not to
couple with the EWSB sector at LO; but they are considered as NLO. On the other
hand, the Higgs kinetic term does not contain any function F(h) either. The reason
is that those are redundant couplings, as they can be removed via a h field redef-
inition and then be reabsorbed in other arbitrary h functions [128]. Analogously,
the F(h) in the fermions kinetic term can be absorbed through a redefinition of the
fermion fields and then be absorbed in the Yukawa generic h functions, see Appendix
B in Ref. [127].
The NLO Lagrangian contains a non-redundant basis of operators that is constructed
with the same techniques as the Appelquist-Longhitano basis mentioned previously;
but allowing also for the Fi(h) structures, together with all its possible derivatives.
See the references mentioned at the beginning of the section.
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Finally, it is interesting to mention that the ordering of the non-linear tower of
operators is a non-trivial issue, since the chiral Lagrangian is in fact mixing two
expansions very different in nature:
– On the one hand, the chiral expansion given by the number of derivatives for the
would-be GBs inside U, as explained above. The terms at LO in this case have mass
dimension two (see below a comment on the case of the custodial-breaking operator
of dimension two).
– On the other hand, there is a SM-like weakly-interacting expansion for the fermions
and the transversal components of the gauge bosons, where the interactions are
organized through the canonical dimensions of the operators, with the kinetic terms,
of mass dimensions equal four, included at LO.
Naturally, when there are interactions between the two sectors, the analysis becomes
tricky. The first attempt to propose a unified counting rule was made some time ago
with the so-called Naive Dimensional Analysis (NDA) [100]. See also Refs. [129,130]
for related work. Besides, very recently, different works on the issue have appeared
in the literature [131–135], reviving the discussion.
In other words, the SMEFT has a clear LO versus NLO, as the LO is the SM and
then the tower of effective operators is well defined. In contrast, there is a certain
freedom in the choice of the precise terms to be included in the LO Lagrangian for
non-linear realizations of EWSB. Furthermore, in the literature other supplementary
choices are made. For instance, the term with
(Tr(TVµ))2, (5.19)
of mass dimensions two, is often considered phenomenologically as NLO and we will
also do so in the works described in this thesis. The reason is that it breaks the
accidental custodial symmetry in the SM, while experimentally these effects are very
constrained. In particular, it contributes to the mass term of the Z boson, but not
to the W mass. This translates into a sizable contribution to the ρ parameter in
Eq. (5.9) that imposes a constraint of order 10−2 on the coefficient cT .
5.4. Linear vs. Non-linear approach
Besides the chiral effective Lagrangian, there is the Standard Model Effective Field
Theory (SMEFT); which is the effective theory built with the SM fields and sym-
metries and is often referred to as the linear Lagrangian. The tower of operators is
organized by their canonical mass dimension and the LO contains the renormalizable
interactions of d = 4 and coincides with the SM Lagrangian:
Llinear = LSM + ∆Ld>4, (5.20)
Linear effective Lagrangians are useful to describe perturbative BSM physics. The
first complete classification of d = 6 linear invariants was done in Ref. [136]; while a
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more recent work [137] corrected some redundancies and proposed the basis of oper-
ators that nowadays is widely used. An alternative, also common, choice, more suit-
able for phenomenology in the EW boson sector, is the Hagiwara-Ishihara-Szalapski-
Zeppenfeld (HISZ) basis [138, 139]. The main differences between the linear and
non-linear expansions are listed in the following paragraphs.
In the linear expansion the Higgs field is not a generic singlet; but is embedded in
the SM doublet Φ of Eq. (3.1), together with the three GBs of the SM EWSB. Φ
transforms linearly under the SM gauge group; hence the name linear. As a result
of this linear behavior, insertions of the physical Higgs, h always come accompanied
of the GBs. Furthermore, they always appear in structures of the form (v + h)n;
whereas in the chiral expansion the Higgs couplings are completely free.
As stated above, the SMEFT is organized as an expansion in canonical mass dimen-
sions. The expansion in the chiral Lagrangian is more complicated though. The
GBs sector follows an expansion in derivatives and are contained in the matrix U,
which is an independent object from the physical h. Besides, U has no dimensions,
which causes a reshuﬄing of the interactions at each order, as compared to the
linear tower. In particular, as a consequence of the non-linear behavior, insertions
of the longitudinal gauge boson components (GBs) in the chiral Lagrangian are less
suppressed than in the SMEFT.
As a result of the above features, the non-linear Lagrangian contains a larger number
of invariant structures at any given order, as compared to the SMEFT. This can be
seen by replacing
Φ→ (v + h)√
2
U
(
0
1
)
, (5.21)
inside the linear operators, it is possible to identify the corresponding non-linear
invariants. For example, taking the following operator of the HISZ basis:
OB =ig
′
2 DµΦ
†BµνDνΦ
−→ ig
′
4 B
µν
(
(v + h)2
2 Tr(T[Vµ,Vν ]) + ∂µ((v + h)
2)Tr(TVµ)
)
,
(5.22)
As a consequence, effects that are expected to be correlated in the linear Lagrangian
appear to be uncorrelated, in general, in the non-linear series. On the other hand, in
other cases, effects expected to appear at a certain order in the non-linear expansion
are found to appear as higher-order corrections, i.e. they are more suppressed, in
the linear series (see for example Sect. 11.2). Ref. [140] contains a detailed study
on how to disentangle both scenarios experimentally; since this fact might translate
into different predictions to be tested at accelerators such as the LHC.
In short, in the case of the Higgs particle being a pGB, the best approach is a general
non-linear effective Lagrangian with a light h particle, which ultimately needs to be
supplemented by model-dependent relations. Also, if the h field has a component
that is a generic SM singlet, or it is not embedded in the SM doublet representation,
the appropriate tool continues to be a non-linear effective Lagrangian with arbitrary
coefficients. These can actually describe the corresponding linear interactions by
imposing on them the appropriate constraints in order to recover the Higgs doublet
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structure. Therefore, in order to study the EWSB in all generality, the non-linear
approach is the object of study of the most part of this thesis, as is further described
in the following chapters.
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6.1. Renormalization in EFTs
EFTs are generally not renormalizable strictly speaking, in the sense that there is not
a finite set of operators to absorb all the infinities arising by quantum corrections,
as in the SM. However, this is not really a problem; it only means that it will be
valid just until the scale of its UV completion. In the case of the chiral expansion
there is actually a general, systematic and consistent procedure to renormalize it,
called Chiral Perturbation Theory, which has already been used extensively and
successfully in the study of QCD at low energies; see, for instance, Ref. [141]. As it
will be done below, the method consists in taking first up to two-derivatives as the
LO Lagrangian, L0 + L2; which is used both at tree and one-loop levels. Then L4
is taken as the NLO, so it is used only at tree level, as it will yield contributions of
the same order as one-loop L2. As a consequence, to say that the effective theory
can be renormalized means that all one-loop divergences generated by L2 have to
be absorbed by the terms in L4 and nothing else. Therefore, the procedure ensures
that there is a finite set of parameters to absorb the divergences, order by order in
the chiral expansion.
In this chapter we explore the one-loop renormalization to the scalar sector of the
HEFT Lagrangian [142]; i.e. we will just consider operators containing scalar fields:
the h particle plus the Goldstone bosons. This analysis is not irrelevant, since at
high energies (E >> mV ) the GBs correspond to the longitudinal components of the
massive gauge bosons, as is dictated by the so-called Equivalence Theorem [143–145].
Basically, it states that “the amplitude for emission or absorption of a longitudinally
polarized gauge boson (VL) is equal, up to corrections of order O(mV /√s), to the
amplitude for emission or absorption of the associated Goldstone boson”; where
mV is the gauge boson mass and s is centre-of-mass energy. In other words, the
amplitudeM for an scattering involving longitudinally polarized gauge bosons, VL,
can be expressed in terms of the amplitude involving the associated GBs, pi, by the
59
Chapter 6. Renormalization of the scalar sector
equation:
M (VL(p1), ..., VL(pn) +X → VL(q1), ..., VL(qm) + Y )
= (−i)n+mM (pi(p1), ..., pi(pn) +X → pi(q1), ..., pi(qm) + Y ) (1 +O(mV /
√
s)).
(6.1)
The one-loop renormalization has been extensively studied in the literature for the
linear effective Lagrangian (see for instance [8–15]), and up to some extent for the
non-linear expansion [16,22–27]. We also perform a one-loop study; but since we are
more interested in analyzing the operators structure of the effective Lagrangian, we
take an off-shell approach; in contrast to recent work that focused on phenomenology
from on-shell scatterings.
Performing the renormalization off-shell guarantees that all counterterms required
for consistency are identified, as each Green function is renormalized independently
(see Sect. 6.3). In this way, this makes it possible to see if the basis of chiral
invariant scalar operators is complete. On the other hand, we are also interested in
obtaining the most general full set of counterterms in the scalar sector of the effective
Lagrangian; without disregarding operators that are usually traded by fermionic
ones via the equations of motion. Only when considering all possible couplings and
all SM fields, should one choose which set of operators to keep in order to avoid
redundancies.
Finally, doing the renormalization off-shell was also instructive because it revealed
the existence of apparent chiral non-invariant divergences (see Sect. 6.3 and more
in particular, the subsection 6.3.6); which were already encountered in the off-shell
renormalization of the non-linear sigma model [146]. There, non-invariant countert-
erms were seen to be required to absorb the divergences from the off-shell renormal-
ization of the pion four-point function and at the same time were shown to have no
physical implication, thus proving that the chiral invariance is actually preserved. In
our work, we also found new divergences of this type involving the light h particle.
Moreover, we also explored a general parametrization for the GB matrix, and the off-
shell renormalization provided a nice check that the freedom in the parametrization
had no physical consequence.
6.2. The scalar Lagrangian
The formalism adopted here to describe in all generality a light dynamical scalar
boson, denoted by h, in the context of a generic non-linear realization of EWSB is
based on Refs. [21, 30, 124, 125, 140]. As explained in Sect. 5.3, this consists of a
chiral effective Lagrangian including a light h as a SM singlet, such that in general
its couplings are different to those of a Higgs embedded as a SM doublet.
Since the focus is on the physics of the sector including the three low-energy GBs,
pia, and the Higgs scalar, h; fermions will not be considered and the gauge couplings
g and g′ are switched off. Furthermore, we also omit custodial breaking operators,
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as phenomenology indicates that the size of their coefficients must be strongly con-
strained (see footnote in page 53). In consequence, and as no gauge nor Yukawa
interactions are considered here, no custodial-breaking counterterm will be required
by the renormalization procedure to be present among the four-derivative operators
in L4, as we will see in Sect. 6.3.
The non-linear Lagrangian is organized as
L = L0 + L2 + L4, (6.2)
where the Li subindex indicates the number of derivatives; as it was explained in
Sect. 5.2:
L0 =− V (h) = −µ31h−
1
2m
2
hh
2 − µ33! h
3 − λ4!h
4 ,
L2 =12(∂µh∂
µh)FH + v
2
4 FCTr(DµUD
µU†)
=12(1 + 2aH
h
v
+ bH
h2
v2
)(∂µh∂µh) +
v2
4 (1 + 2aC
h
v
+ bC
h2
v2
)Tr(DµUDµU†) ,
L4 =ciPi .
(6.3)
L0 contains a general Higgs potential, for which only up to terms quartic in h are
made explicit, and arbitrary coefficients µi and λ. It will be assumed that the h
field is the physical one, with 〈h〉 = 0, so the linear term in h in the Lagrangian is
just kept in order to cancel the tadpole amplitude at one loop; see Sect. 6.3.1.
L2 contains a kinetic term for the Higgs and another for the GBs, contained inside
the matrix U (see Sect. 5.2). We analyze in the next section the freedom in defining
this matrix and work with a general parametrization truncated up to some order in
pi/v. Both kinetic terms appear with some arbitrary functions, FH,C(h), attached,
which represent the chiral-symmetry breaking interactions of h. In the SM limit only
aC and bC survive, with aC = bC = 1. As already commented in the introduction to
chiral Lagrangians, the v2 in front of the kinetic term for the GBs is fine-tuned in
order to obtain the right mass for the EW gauge bosons.
The computation of Ref. [142], which is summarized in this chapter was performed
keeping an explicit FH(h) and thus we will keep it here. However, it is possible
to absorb the coefficients in FH(h) inside the free parameters within other generic
functions by making a non-linear redefinition of h; as it is shown in Ref. [128].
Making aH = bH = 0 in the results displayed in the next sections does not change
the main conclusions on the counterterms that are needed to cancel the divergences
at one-loop; since it can be checked that all the counterterm coefficients in L4 will
be induced for generic aC and bC ; even if FH(h) = 1. Indeed, the only contributions
that will vanish completely would be those to δaH and δbH .
Finally, L4 contains the NLO operators, with arbitrary constant coefficients, ci,
which are listed in Table 6.1, where  ≡ ∂µ∂µ, Vµ ≡ (DµU)U † and the covariant
derivative is simply the partial derivative Dµ = ∂µ, since the transverse gauge field
components are not considered in the analysis. The notation differs slightly from
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that used in Ref. [140]. For simplicity, redundant parameters have been eliminated
via the following substitutions:
∂µFi(h)→ ∂µhFi(h),
∂µFi(h)∂νF˜i(h)→ ∂µh∂νhFi(h),
Fi(h)→ hFi(h),
ciFi(h) ≡ ci + 2aih/v + bih2/v2 .
(6.4)
Parametrization of the GB matrix
The non-linear σ model, which is equivalent to our Lagrangian without the h par-
ticle, can be written in terms of a derivative “covariant” under the non-linear chiral
symmetry, Dµ [147]:
LNL = v
2
4 Tr(DµUD
µU†) = DµpiDµpi = Gij(pi2)∂µpii∂µpij , (6.5)
where Gij(pi2) can be interpreted as the metric of a 3-sphere in which the GBs,
pi = (pi1, pi2, pi3), live, and the freedom of parametrization simply translates into a
coordinate transformation (see Ref. [146] and references therein, and also more recent
work [148–150]∗). In [147], it is shown that different linear realizations of the chiral
symmetry lead to different metrics, which correspond to different parametrizations
of the GB matrix; are all connected via redefinitions of the GB fields. All these
transformations are equivalent with respect to the dynamics of the pion fields, since
the non-linear transformation induced on them is unique, and as a consequence
on-shell quantities will be independent of the choice of parametrization for the U
matrix, as will be shown below.
To show the different possibilities for theUmatrix explicitly here; let us parametrize
the GB matrix through two general functions, X and Y: †
U ≡ X(z) + iτ · pi
v
Y (z), (6.6)
where τ denotes the Pauli matrices and z ≡ pi2/v2. Y (0) = ±1 is required for
canonically normalized GB kinetic terms. X(z) and Y (z) are related via the uni-
tarity condition UU† = U†U = 1. Therefore
U =
√
1− zY (z)2 + iτ · pi
v
Y (z) . (6.7)
The Lagrangian is thus invariant under the transformation Y → −Y , or equiva-
lently, pi → −pi (only operators with even powers of the pi fields will appear).
∗Refs. [148–150] provide a geometric formulation of the scalar sector of Higgs EFT. In this way
compute different experimental observables in terms of geometric invariants such as the curvature
of the scalar field manifold; thus finding a way to disentangle through experiment between a scalar
sector transforming linearly (flat manifold) or non-linearly (curved manifold) under the EW gauge
group.
†The function f(x) of Ref. [147] corresponds to X(z)/Y (z) here.
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In terms of those functions, the Gij metric is
Gij(pi2) = Y (z)2δij + 4
(
X ′(z)2 + zY ′(z)2 + Y (z)Y ′(z)
) piipij
v2
, (6.8)
where the primes indicate derivatives with respect to the z variable.
An arbitrary parameter, η, will encode the parametrization dependence. It is defined
in the expansion of the Y function:
Y (z) = 1 + ηz +O(z2) . (6.9)
We truncate the expression at the quadratic order, as our analysis will only require
to consider terms up to four GB fields in L2. One could think of terms up to six
pion fields, though, which would contribute to 4-point functions by joining two of
the GB legs into a closed loop. However, as the GBs are massless, this will result
in a vanishing contribution. As a consequence, in practice it will suffice to consider
inside U terms only up to cubic powers on the pi fields:
U = 1− pi
2
2v2 −
(
η + 18
)
pi4
v4
+ i(piτ )
v
(
1 + ηpi
2
v2
)
+ . . . . (6.10)
Specific values of η correspond to different parametrizations, up to terms with four
GBs. For instance, for the two most popular parametrizations:
• η = 0 yields the square root parametrization: U =
√
1− pi2/v2 + i(pi · τ )/v .
• η = −1/6 yields the exponential parametrization: U = exp(ipi · τ/v) .
In terms of the GB fields with the parametrization freedom described in this section,
the L2 Lagrangian results to be
L2 =12∂µh∂
µh
(
1 + 2aH
h
v
+ bH
h2
v2
)
(6.11)
+
{
1
2∂µpi∂
µpi + (pi∂µpi)
2
2v2 + η
[
pi2(∂µpi)2
v2
+ 2(pi∂µpi)
2
v2
]}(
1 + 2aC
h
v
+ bC
h2
v2
)
,
where terms containing more than four fields are to be disregarded in the computa-
tion. In Table 6.1 the expressions up to four fields of the chiral invariant operators
with four derivatives are shown. It will be shown in the renormalization procedure
below that all of them need be present in L4 as counterterms.
Counterterm Lagrangian
The counterterm Lagrangian is obtained, as usual, by writing the bare parameters
and fields in L0, L2 and L4 in terms of the renormalized ones. The bare (b) quantities
can be written in terms of renormalized quantities (we choose not to write a super-
index r for them for simplicity) as follows:
hb =
√
Zhh, δh ≡ Zh − 1,
pib =
√
Zpipi, δpi ≡ Zpi − 1,
(6.12)
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v2b = Zpi(v2 + δv2)µ−ε,
(m2h)b =
1
Zh
(m2h + δm2h),
(µ31)b =
1
Z
1/2
h
(
µ31 + δµ31
)
µ3ε/2,
µb3 =
1
Z
3/2
h
(µ3 + δµ3)µε/2,
λb = 1
Z2h
(λ+ δλ)µε,
abC =
1
Z
1/2
pi Z
1/2
h
(
aC + δaC +
aC
2
δv2
v2
)
,
bbC =
1
Zh
(
bC + δbC + bC
δv2
v2
)
,
abH =
Z1/2pi
Z
3/2
h
(
aH + δaH +
aH
2
δv2
v2
)
,
bbH =
Zpi
Z2h
(
bH + δbH + bH
δv2
v2
)
.
(6.13)
Dimensional regularization is used as regularization scheme. This avoids quadratic
divergences appearing explicitly, which could lead to further technical complica-
tions [151,152]. In these expressions µ is the renormalization scale and is introduced
in the Lagrangian, so the renormalized parameter has the same dimensions as the
bare one, when doing dimensional regularization, where we will move from number
of dimensions d = 4 to d = 4− ε.
From these redefinitions, the counterterm Lagrangian arising from the leading order
L0 and L2 reads:
δL0 + δL2 =12∂µh∂
µh
(
δh + 2δaH
h
v
+ δbH
h2
v2
)
− 12δm
2
hh
2 − δµ31h−
δµ3
3! h
3 − δλ4! h
4
+12∂µpi∂
µpi
(
δpi + 2δaC
h
v
+ δbC
h2
v2
)
(6.14)
+
(
δpi − δv
2
v2
)
1
2v2
(
(pi∂µpi)(pi∂µpi) + 2η
(
pi2(∂µpi)2 + 2(pi∂µpi)2
))
.
For the coefficients in the NLO Lagrangian we have:
Xbi =
(
Xi + δXi + 2Xi
δv2
v2
)
µ−, Xi = c6, c9, c11,
Xbi =
Z1/2pi
Z
1/2
h
(
Xi + δXi +
3
2Xi
δv2
v2
)
µ−, Xi = c7, a9, c10,
Xbi =
Zpi
Zh
(
Xi + δXi + 2Xi
δv2
v2
)
µ−, Xi = a7, c8, b9, a10, c20,
Xbi =
Zpi
Zh
(
Xi + δXi +Xi
δv2
v2
)
µ−, Xi = cH ,
Xbi =
Z3/2pi
Z
3/2
h
(
Xi + δXi +
3
2Xi
δv2
v2
)
µ−, Xi = aH , c∆H ,
Xbi =
Z2pi
Z2h
(
Xi + δXi + 2Xi
δv2
v2
)
µ−, Xi = bH , a∆H , cDH .
(6.15)
And δL4 is simply given by L4 with the substitution ci, ai, bi → δci, δai, δbi, except
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for the operator P9; which also involves δv2:
δ(c9P9) =− 2δc9
v4
((1 + 4η)(pipi)2 + 2(1 + 2η)(∂µpi)2(pipi) + 2ηpi2(pi)2
+ 8η(pi∂µpi)(∂µpipi))− 4δa9
v3
h(pipi)− 2δb9
v4
h2(pipi)
− 2
v2
(
δc9 − δv
2
v2
)
(pipi) .
(6.16)
Among the Lagrangian parameters above, v plays the special role of being the charac-
teristic scale of the Goldstone bosons (that is, of the longitudinal degrees of freedom
of the electroweak bosons), analogous to the pion decay constant in QCD. It turns
out that the counterterm coefficient δv2 = 0 as shown below. We have left explicit
the δv2 dependence all through the paper, though, in case it may be interesting to
apply our results to some scenario which includes sources of explicit chiral symmetry
breaking in a context different than the SM one; it also serves as a check-point of
our computations.
6.3. Renormalization of the off-shell Green func-
tions
In this section the results for the renormalization of the 1- 2-, 3-, and 4-point func-
tions involving h and/or pi are presented in a general U parametrization; which is
specified by the η parameter in equation (6.10).
As renormalization procedure we choose minimal subtraction scheme (MS); which
means that we make the coefficients of the counterterms be just equal to the infinite
terms arising when performing the 1-loop computation. The divergence is denoted
by
∆ε = +
1
(4pi)2
2
ε
. (6.17)
To follow the modified Minimal Subtraction scheme (MS) would essentially be
the same, but ∆ε would stand for
1
(4pi)2
(2
ε
− γE + log(4pi)
)
, with γE the Euler-
Mascheroni constant. FeynRules, FeynArts, and FormCalc [153–157] have been
employed to compute the one-loop amplitudes.
An overview of the results that we are going to detail in the following subsections,
is shown in Table 6.2, with the operator coefficients contributing to amplitudes
involving GBs and/or h, up to 4-point vertices. It also serves to illustrate the
main conclusion from the computation: all operators in L4 will be shown to be
required by the renormalization procedure. Furthermore we have checked that they
are all independent, and they can be thus chosen as a non-redundant scalar set to be
embedded in a complete Lagrangian (see below further discussion on the redundancy
of the complete basis).
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Amplitudes
2h 3h 4h 2pi 2pih 2pi2h 4pi
P6 c6
P7 c7 a7
P8 c8
P9 c9 a9 b9 c9
P10 c10 a10
P11 c11
P20 c20
PH cH aH bH
P∆H c∆H a∆H
PDH cDH
Table 6.2: This table summarizes the operators in L4 (see equation (6.3) and Ta-
ble 6.1) contributing to 2-, 3-, and 4-point amplitudes involving GBs and/or h fields.
The specific operator coefficients contributing to each amplitude are indicated, fol-
lowing the ciFi expansion in Eq. (6.4).
Figure 6.1: Diagram contributing to the Higgs 1-point function.
1-point functions
Because of chiral symmetry GBs always come in even numbers in any vertex, unlike
Higgs particles, thus tadpole contributions may be generated only for the latter. At
tree-level it would suffice to set µ1 = 0 in V (h) (see Eq. (6.3)) in order to ensure
〈h〉 = 0. At one-loop, a tadpole term is induced from the triple Higgs couplings µ3
and aH , though, via the Feynman diagram in Fig. 6.1. We simply use the tadpole
term to get rid of this contribution in the renormalized Lagrangian by choosing
µr1 = 0, so the counterterm required to absorb the divergency takes the form
δµ31 = m2h
(
µ3
2 − aH
m2h
v
)
∆ε , (6.18)
and has no further impact on the rest of the Lagrangian.
2-point functions
The diagrams contributing to the GB self-energy are shown in Fig. 6.2. The di-
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Figure 6.2: Diagrams contributing to the pi self-energy.
vergent part of the amplitudes, Πijdiv(p2)∆ε, and the counterterm structure, from
Eq. (6.14), are given by
Πijdiv(p2) =
[
p2
(
a2C − bC
) m2h
v2
+ p4a
2
C
v2
]
δij , (6.19)
Πijctr(p2) =
[
p2δpi − p4 4
v2
(
c.9 −
δv2
v2
)]
δij . (6.20)
Matching the momenta structures, the expressions are found for the counterterm
coefficients:
δpi =−
(
a2C − bC
) m2h
v2
∆ε ,
δc9 − δv
2
v2
=a
2
C
4 ∆ε .
(6.21)
It follows that the pi wave function renormalization has no divergent part whenever
a2C = bC , which happens for instance in the SM case (aC = bC = 1). Note as
well that the absence of a constant term in eq. (6.19) translates into no GB mass
being induced at 1-loop level, as expected by chiral symmetry at any loop order.
As shown below, this will not be the case of the h particle, not being an exact GB.
Furthermore, there is a p4 divergent term in the amplitude; which demands the
presence stems from the of a pipi counterterm in the L4 Lagrangian. This is a
consequence of the h− pi − pi coupling aC , which is an entire new feature compared
to the nonlinear σ model renormalization (where there was no h).
Turning to the Higgs particle h, the diagrams contributing to its self-energy are
shown in Fig. 6.3, with the divergent part and the required counterterm structure
given by
Πdiv(p2) =p4
(3a2C + a2H)
2v2 + p
2
(
−µ3
v
aH +
m2h (5a2H − bH)
v2
)
+
(
1
2µ
2
3 +
1
2m
2
h
(
λ− 8µ3
v
aH
)
+ m
4
h (6a2H − bH)
v2
)
, (6.22)
Πctr(p2) =p4
2δcH
v2
+ p2δh − δm2h . (6.23)
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Figure 6.3: Diagrams contributing to the Higgs self-energy.
It follows that the required counterterms are given by
δh =
[
µ3
v
aH +
m2h (bH − 5a2H)
v2
]
∆ε,
δm2h =
[
1
2µ
2
3 +
1
2m
2
h
(
λ− 8µ3
v
aH
)
+ m
4
h (6a2H − bH)
v2
]
∆ε,
δcH =− 14
(
3a2C + a2H
)
∆ε.
(6.24)
This result implies that a non-vanishing aC (as in the SM limit) and/or aH leads
to a p4 term in the counterterm Lagrangian, requiring a hh term in L4. In this
scheme, a Higgs wave function renormalization is operative only in deviations from
the SM with non-vanishing aH and/or bH .
3-point functions
The computations for the 3- and 4-point functions will not be explicitly shown in
so much detail as the previous ones; since they are not particularly illuminating.
Let us start with the 3-point Green functions. Since there are an odd number of
external legs, there has to be always a h particle involved; so there are two possible
types.
hhh
Let us consider first the hhh amplitude at one loop. The relevant diagrams to be
computed are displayed in Fig. 6.4. The results for the counterterms emerging from
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Figure 6.4: Diagrams contributing to the hh→ h amplitude, not including diagrams
obtained by crossing.
L0 and L2 are:
δaH =
1
2
(
−3aCbC2 −
aHbH
2 + 3a
3
C + a3H
)
∆ε,
δc∆H =
1
2
(
−3aCbC + 3a3C − a3H
)
∆ε,
δaH =
[
1
2
(
−9µ3
v
a2H + λaH + 2
µ3
v
bH
)
+ aH
(
15a2H − 7bH
) m2h
v2
]
∆ε,
δµ3 =
[
3
2µ3
(
λ− 4µ3
v
aH
)
+ 6
(
6µ3a2H − λvaH − µ3bH
) m2h
v2
+ 6aH
(
3bH − 8a2H
) m4h
v3
]
∆ε,
(6.25)
As h behaves as a generic singlet, the vertices involving uniquely external h legs
which appear in the Lagrangian of Eq. (6.3) will span all possible momentum struc-
tures that can result from one-loop amplitudes. Hence, as we will see also in the
case of hhhh, all divergences could be easily absorbed by the counterterms. As seen
below, this will not be the case of processes involving GBs.
pipih
The diagrams for pipih amplitudes are shown in figure 6.5. The explicit contributions
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Figure 6.5: Diagrams contributing to the pipi → h scattering amplitude, not includ-
ing diagrams obtained by crossing.
to the counterterms are:
δaC =
1
2
(
a2C − bC
) [
2(aC + 2aH)
m2h
v2
− µ3
v
]
∆ε,
δc7 =
1
4
(
−aHbC + a2CaH − a3C − 2aC
)
∆ε,
δa9 = −18aC
(
aCaH + a2C − bC
)
∆ε,
δc10 =
1
2aC
(
−aCaH + a2C + bC
)
∆ε.
(6.26)
From these expressions, it can be seen that neither δaC nor δa9 are induced in the
SM limit (aC = bC = 1, aH = 0). Furthermore, chiral symmetry restricts the
possible structures spanned by the pure pi and h − pi operators. Because of this,
it turns out that part of the divergent amplitude induced by the last diagram in
Fig. 6.5 cannot be cast as a function of the L2 and L4 operators; that is, it cannot
be reabsorbed by chiral-invariant counterterms. Moreover, its coefficient depends
on the pion parametrization used. As a result, an apparent chiral non-invariant
divergence (NID) has been identified; which should thus be absorbed by a chiral-
non-invariant operator:
ONID1 = −aC
(3
2 + 5η
) ∆ε
v3
pipih . (6.27)
NIDs are an artifact of the apparent breaking of chiral symmetry when the one-
loop analysis is treated in perturbation theory [147] and have no physical impact;
since they vanish for on-shell amplitudes. While long ago NIDs had been isolated
in perturbative analysis of four-pion vertices in the non-linear sigma model [146],
the result obtained here is a new type of NIDs: a three-point function involving the
Higgs particle. See below for more details on their treatment.
It is interesting to note that the renormalization conditions of all physical parameters
are independent of the choice of U parametrization, as they should; while NIDs
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exhibit instead an explicit η dependence. This pattern will be also present in the
renormalization of 4-point functions, described below.
4-point functions
hhhh
Let us start by the pure-h case. The relevant diagrams contributing to this amplitude
are shown in Fig. 6.6. Applying the renormalization procedure for these amplitudes
is straightforward and yields:
δbH =
[1
2
(
µ3
v
(
−40aHbH + 84a3H
)
− 13λa2H + 3λbH
)
+
(
87a2HbH − 120a4H − 7b2H
) m2h
v2
]
∆ε,
δbH =
1
4
[
−3
(
4a4H + b2C
)
+ 30a2CbC + 10a2HbH − 36a4C − b2H
]
∆ε,
δa∆H = −34
(
−7a2CbC + a2HbH + 6a4C − 2a4H + b2C
)
∆ε,
δcDH =
[
− 34
(
a2C − bC
)
2 − a
4
H
4
]
∆ε,
(6.28)
δλ =
{ 3
2v2
[
8µ23
(
6a2H − bH
)
− 16λµ3vaH + λ2v2
]
− 12
(
−12µ3aHbH + 32µ3a3H − 6λva2H + λvbH
) m2h
v3
+ 6
(
−48a2HbH + 80a4H + 3b2H
) m4h
v4
}
∆ε.
pipihh
The relevant diagrams for this case are displayed in Fig. 6.7, and the required coun-
terterms are:
δbC =
1
2
(
a2C − bC
) [
(4aC + 8aH)
µ3
v
− λ
− 2
(
8aCaH + 4a2C + 12a2H − bC − 2bH
) m2h
v2
]
∆ε,
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Figure 6.6: Diagrams contributing to the hh → hh amplitude, not including dia-
grams obtained by crossing.
Figure 6.7: Diagrams contributing to the pipi → hh amplitude, not including dia-
grams obtained by crossing.
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δa7 =
1
8
[
a2C
(
−4a2H − 3bC + bH + 4
)
+ 2aCaHbC + bC
(
4a2H − bH − 2
)
+ 4a4C
]
∆ε ,
δc8 =
1
3
[
a2C
(
a2H + bC
)
− 2aCaHbC − a3CaH + a4C + b2C
]
∆ε ,
δb9 =
1
4
[
−a2C
(
−4a2H + 5bC + bH
)
− 4aCaHbC + 4a3CaH + 4a4C + b2C
]
∆ε ,
δa10 =
1
4
[
a2C
(
4a2H + bC − bH
)
− 4aCaHbC − 4a4C + b2C
]
∆ε ,
δc20 =
1
12
[
a2C
(
2a2H − bC + 6
)
+ 2aCaHbC
− bC
(
3a2H + bC + 6
)
− 2a3CaH + 2a4C
]
∆ε .
(6.29)
Again, this computation shows that the renormalization procedure requires the pres-
ence of all possible chiral invariant pipihh counterterms in the Lagrangian, in the most
general case. Furthermore, we have identified new NIDs to be absorbed with:
ONID2 = +(2a2C − bC)
(3
2 + 5η
) ∆ε
v4
pipi hh ,
ONID3 = +(a2C − bC)
(3
2 + 5η
) ∆ε
v4
pipi ∂µh∂µh ,
ONID4 = −2a2C
(3
2 + 5η
) ∆ε
v4
pi∂µpi ∂
µhh .
(6.30)
While these NIDs differ from that for the three-point function in Eq. (6.27) in their
counterterm structure; they are all proportional to the factor (3/2 + 5η). Therefore
a proper choice of parametrization, i.e. η = −3/10, removes all mixed h− pi NIDs.
Intriguingly, this value of η is of no special significance as fas as we know, and in
fact, as we will see from the NIDs arising in the pipipipi case, there is no choice of
parametrization that can avoid all non-invariant divergences.
pipipipi
Finally, we consider pipi → pipi amplitudes. Diagrams of relevance for the process
are displayed in Fig. 6.8. The counterterm amplitude for this case involves not only
counterterms unique to this process, δc6 and δc11:
δc6 =
1
48
[
a2C (6bC − 8)− 2a4C − 3b2C − 2
]
∆ε,
δc11 = − 112
(
a2C − 1
)2
∆ε,
(6.31)
but also counterterm coefficients also involved in the GB self-energy renormalization
in Eq. (6.21):
δpi − 2δv2 = −
(
a2C − bC
) m2h
v2
∆ε ⇒ δv2 = 0,
δc9 =
a2C
4 ∆ε .
(6.32)
The previous expressions are a nice check of the computation; since δv2 is forced to
vanish for δpi to be consistent with the renormalization of the GB 2-point function;
which also makes δc9 be in agreement in both pipi and pipipipi amplitudes.
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Figure 6.8: Diagrams contributing to the pipi → pipi amplitude, not including dia-
grams obtained by crossing.
We also find NIDs arising in this process; but all of them were already present in the
nonlinear σ model [146]. They stem from the insertion in the loop of the four-pion
vertex (whose coupling depends on η; see Eq. (6.11)). The NIDs read:
ONID5 = +
(
9η2 + 5η + 34
) ∆ε
v4
(pipi)2,
ONID6 = +
[
1 + 4η +
(1
2 + η
)
a2C
] ∆ε
v4
(pipi)(∂µpi∂µpi),
ONID7 = +2η2
∆ε
v4
pi2(pi)2,
ONID8 = +2η
(
a2C − 1
) ∆ε
v4
(pi∂µpi)(pi∂µpi).
(6.33)
As expected, the parametrization freedom – the dependence on the η parameter –
appears only in NIDs, and never on chiral-invariant counterterms. As commented
above, no parametrization can remove all pure-GBs NIDs. Note also from the previ-
ous expressions, that only δaH and δbH vanish for an FH(h) = 1 in the Lagrangian,
in general (with generic aC and bC).
Comparison with previous works and SM limit
Previous works on the one-loop renormalization of the scalar sector of the non-linear
Lagrangian with a light Higgs have used either the square root parametrization
(η = 0 in our parametrization) or the exponential one (η = −1/6), producing very
interesting results. The main difference with this work is that they have concentrated
on the analysis of scattering processes relevant for phenomenology, thus doing an
on-shell analysis. They also disregard fermionic operators; which in practice this
means to neglect all fermion masses, as it have been done here.
As a consequence, our off-shell renormalization procedure requires a larger number
of independent four-derivative bosonic operators. However, it is possible to trade
those extra operators via the equations of motion by operators from other sectors
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of the theory, including gauge and Yukawa-like interactions. In order to study the
theory one has to decide which set is kept, as long as it is complete and independent.
In any case, we stress that we have checked that our results reduce to the ones found
in [25] (on-shell hh → hh, pipi → hh and pipi → pipi; no Higgs potential) and [26]
(on-shell W+LW−L → ZLZL); taking into account all the corresponding assumptions
in each computation.
There is another particularity of the off-shell renormalization scheme which deserves
to be pointed out. A closer look at the counterterms reveals that, in the SM case,
that is
aC = bC = 1, aH = bH = 0, µ3 = 3
m2h
v
, λ = 3m
2
h
v2
, (6.34)
several BSM operator coefficients computed in this section do not vanish. At first
this might look counterintuitive, since the SM is a renormalizable model and thus
no new operator should be required by the renormalization procedure to absorb
an infinite divergence. However, when calculating physical amplitudes the contri-
bution of these non-vanishing operator coefficients all combine in such a way that
the overall BSM contribution indeed cancels in the on-shell processes. The same
pattern propagates to the renormalization group equations discussed in Sect. 6.4.
This non-triviality in taking the SM limit is the price to pay for using an off-shell
renormalization scheme.
Dealing with the apparent non-invariant divergences (NIDs)
In the previous section it was seen that apparent chiral non-invariant divergences
are found in the computation of the 1-loop amplitudes off-shell. As we have already
commented, this issue was analyzed long ago in the renormalization of the non-
linear σ model [146, 151, 158–161]. Furthermore, it was shown that they do not
contribute to on-shell quantities [146]. Thus, one could completely disregard these
divergences, as they are unphysical. However, let us explicitly show that this is
indeed our case.
By performing a non-linear redefinition the pion field, including space-time deriva-
tives, these divergences can be absorbed [146]. In fact, Lagrangians related by
a general local field redefinition pi → pif(pi, h, ∂µpi, ∂µh, ...), even when involving
derivatives, are equivalent [162–165]. As an aside comment, other alternatives ex-
plored in the literature to evade the non-invariant divergences in the non-linear sigma
model were a modified background field method [159, 160] and the introduction of
modified Feynman rules [152].
After the field redefinition, the Lagrangian gets a shift, L → L+ δL, so since both
Lagrangians must be equivalent, we know the part δL must necessarily be non-
physical. In other words, if a pion field redefinition involving derivatives makes it
possible to absorb the non-invariant divergences, and at the same time does not
generate any other new structure, then the equivalence between the original and
the redefined Lagrangians tells us that such non-invariant terms are unphysical as
they do not contribute to the S-matrix and therefore that chiral symmetry remains
indeed unbroken.
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We thus perform the following general GB field redefinition, which extends the pion
field redefinition considered in [146] to a redefinition with terms containing also the
h singlet:
pii → pii[1 + α1
v4
pipi + α2
v4
∂µpi∂
µpi + β
v3
h+ γ˜1
v4
hh+ γ2
v4
∂µh∂
µh]
+ α3
v4
pii(pipi) +
α4
v4
∂µpii(pi∂µpi) .
(6.35)
Up to four fields and four derivatives, the following additional terms appear in
the Lagrangian (having absorbed all the operators already appearing in the chiral
invariant Lagrangian and doing γ1 = γ˜1 + 2aCβ):
∆LNID =− pipi
(
α1
v4
pipi + α2
v4
∂µpi∂
µpi + β
v3
h+ γ1
v4
hh+ γ2
v4
∂µh∂
µh
)
− α3
v4
(pipi)(pipi)− α4
v4
(pi∂µpi)(pi∂µpi)− 2aCβ
v4
(∂µhh)(pi∂µpi) .
(6.36)
We see that the new part of the Lagrangian that has appeared contains counterterms
only for processes hpipi, hhpipi and pipipipi, precisely the ones that bear the apparent
NIDs. Comparing the terms in ∆LNID with the NID operators found, Eqs. (6.27),
(6.30) and (6.33), it follows that by choosing
α1 =
(
9η2 + 5η + 34
)
∆ε,
α2 =
[
1 + 4η +
(1
2 + η
)
a2C
]
∆ε,
α3 = 2η2∆ε,
α4 = 2η
(
a2C − 1
)
∆ε,
β = −
(3
2 + 5η
)
aC∆ε,
γ1 =
(3
2 + 5η
) (
2a2C − bC
)
∆ε,
γ2 =
(3
2 + 5η
) (
a2C − bC
)
∆ε,
(6.37)
all 1-loop NIDs are removed away. In conclusion, it has been checked that the addi-
tion of extra terms in the Lagrangian, via the redefinition of the pion fields, provides
the necessary coefficients for the absorption of the non-invariant divergences, while
they do not modify any previous result for the rest of the counterterms and thus
no physical effect is added. Moreover, the contribution of the NIDs to on-shell am-
plitudes vanishes, as expected. This is not always trivially seen when taking the
previous results individually. For instance, the contribution of ONID4 (see Eq. (6.30))
to the hhpipi amplitude on-shell is cancelled by the contribution from the correction
to the hpipi vertex, given by ONID1 (equation (6.27)).
The field redefinitions implemented above to reabsorb the scalar NIDs may indeed be
equivalent to the application of the GB equations of motion [166], and contribute to
other type of NIDs: for instance those involving simultaneously GBs and fermions,
not yet explored. Their exact computation is not called for when exploring the
scalar sector and the set of purely scalar counterterms required at one-loop by the
theory, which is what is clarified here.
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6.4. Renormalization Group Equations
It is straightforward to derive the RGE from the one-loop δci divergent contributions
determined in the previous section. The evolution of those Lagrangian coefficients
which do not vanish in the SM limit is given by:
16pi2 d
d lnµaC =
1
2aC
[
aH
µ3
v
+
(
3bC − 5a2H + bH
) m2h
v2
]
+ a2C
(
µ3
2v − 2aH
m2h
v2
)
− 32a
3
C
m2h
v2
− 12v bCµ3 + 2aHbC
m2h
v2
, (6.38)
16pi2 d
d lnµbC = bC
[
2aC
µ3
v
+ 5aH
µ3
v
− λ2 −
(
5a2C + 8aHaC + 17a2H − 3bH
) m2h
v2
]
+ b2C
m2h
v2
+ 12
(
−4aC µ3
v
− 8aH µ3
v
+ λ
)
a2C (6.39)
+ 2
(
2a2C + 4aHaC + 6a2H − bH
)
a2C
m2h
v2
,
16pi2 d
d lnµm
2
h = −
1
2µ
2
3 +
(
5aH
µ3
v
− λ2
)
m2h +
(
2bH − 11a2H
) m4h
v2
, (6.40)
16pi2 d
d lnµµ3 =
1
2µ3
[(
−a2C + bC − 87a2H + 15bH
) m2h
v2
− 3λ
]
+ 152vµ
2
3aH
+ 6aHλ
m2h
v
+ 6
(
8a3H − 3aHbH
) m4h
v3
, (6.41)
16pi2 d
d lnµλ = λ
[
26aH
µ3
v
+
(
14bH − 82a2H
) m2h
v2
]
− 32λ
2
+ 12
(
bH − 6a2H
) µ23
v2
+ 48aH
(
8a2H − 3bH
)
µ3
m2h
v3
(6.42)
− 6
(
80a4H − 48bHa2H + 3b2H
) m4h
v4
.
For completeness, we also include here the resulting RGEs for the rest of coefficients
in the Lagrangian:
16pi2 d
d lnµaH =aH
[
λ−
(
a2C − bC + 17bH + 45a2H
) m2h
v2
]
+
(
−12a2H + 2bH
) µ3
v
, (6.43)
16pi2 d
d lnµbH =bH
[
2
(
−a2C + 97a2H + bC
) m2h
v2
− 44aH µ3
v
+ 3λ
]
− 18b2H
m2h
v2
+ a2H
(
−13λ+ 84aH µ3
v
)
− 240a4H
m2h
v2
, (6.44)
16pi2 d
d lnµv
2 =− 2
(
a2C − bC
)
m2h , (6.45)
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16pi2 d
d lnµc6 =−
1
24
[
2 + 2a4C + 3b2C − a2C (−8 + 6bC)
]
, (6.46)
16pi2 d
d lnµc7 =− c7
[(
a2C − 5a2H − bC + bH
) m2h
v2
+ aH
µ3
v
]
+ 12
(
−2aC − a3C + a2CaH − aHbC
)
, (6.47)
16pi2 d
d lnµa7 =− a7
[
2
(
a2C − 5a2H − bC + bH
) m2h
v2
+ 2aH
µ3
v
]
+ 14
[
4a4C + 2aCaHbC + bC
(
−2 + 4a2H − bH
)
(6.48)
+a2C
(
4− 4a2H − 3bC + bH
)]
,
16pi2 d
d lnµc8 =− c8
[
2
(
a2C − 5a2H − bC + bH
) m2h
v2
+ 2aH
µ3
v
]
+ 23
[
a4C − a3CaH − 2aCaHbC + b2C + a2C
(
a2H + bC
)]
, (6.49)
16pi2 d
d lnµc9 =
a2C
2 , (6.50)
16pi2 d
d lnµa9 =− a9
[(
a2C − 5a2H − bC + bH
) m2h
v2
+ aH
µ3
v
]
− 12aC
(
a2C + aCaH − bC
)
, (6.51)
16pi2 d
d lnµb9 = −b9
[
2
(
a2C − 5a2H − bC + bH
) m2h
v2
+ 2aH
µ3
v
]
(6.52)
+ 12
[
4a4C + 4a3CaH − 4aCaHbC + b2C + a2C
(
4a2H − 5bC − bH
)]
,
16pi2 d
d lnµc10 =− c10
[(
a2C − 5a2H − bC + bH
) m2h
v2
+ aH
µ3
v
]
+ aC
(
a2C − aCaH + bC
)
, (6.53)
16pi2 d
d lnµa10 =− a10
[
2
(
a2C − 5a2H − bC + bH
) m2h
v2
+ 2aH
µ3
v
]
+ 12
(
−4a4C − 4aCaHbC + b2C + a2C
(
4a2H + bC − bH
))
, (6.54)
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16pi2 d
d lnµc11 =−
1
6
(
a2C − 1
)2
, (6.55)
16pi2 d
d lnµc20 =− c20
[
2
(
a2C − 5a2H − bC + bH
) m2h
v2
+ 2aH
µ3
v
]
+ 16
[
2a4C − 2a3CaH + a2C
(
6 + 2a2H − bC
)
+ 2aCaHbC (6.56)
−bC
(
6 + 3a2H + bC
)]
,
16pi2 d
d lnµcH =− cH
[
2
(
a2C − 5a2H − bC + bH
) m2h
v2
+ 2aH
µ3
v
]
+ 12
(
−3a2C − a2H
)
, (6.57)
16pi2 d
d lnµaH =− aH
[
3
(
a2C − 5a2H − bC + bH
) m2h
v2
+ 3aH
µ3
v
]
+ 3a3C + a3H −
3aCbC
2 −
aHbH
2 , (6.58)
16pi2 d
d lnµbH =− bH
[
4
(
a2C − 5a2H − bC + bH
) m2h
v2
+ 4aH
µ3
v
]
− 18a4C − 6a4H + 15a2CbC −
3b2C
2 + 5a
2
HbH −
b2H
2 , (6.59)
16pi2 d
d lnµc∆H =− c∆H
[
3
(
a2C − 5a2H − bC + bH
) m2h
v2
+ 3aH
µ3
v
]
+ 3a3C − a3H − 3aCbC , (6.60)
16pi2 d
d lnµa∆H =− a∆H
[
4
(
a2C − 5a2H − bC + bH
) m2h
v2
+ 4aH
µ3
v
]
− 32
(
6a4C − 2a4H − 7a2CbC + b2C + a2HbH
)
, (6.61)
16pi2 d
d lnµcDH =− cDH
[
4
(
a2C − 5a2H − bC + bH
) m2h
v2
+ 4aH
µ3
v
]
− 12
[
a4H + 3
(
a2C − bC
)2]
. (6.62)
Note that in the RGE for the Higgs quartic self-coupling λ, Eq. (6.42), some terms
are weighted by numerical factors of O(100). This suggests that if a BSM theory
results in small couplings for aH and bH , those terms could still induce measurable
phenomenological consequences. Nevertheless, physical amplitudes will depend on a
large combination of parameters, which might yield cancellations or enhancements
as pointed out earlier, and only a more thorough study can lead to firm conclu-
sions.
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Complete renormalization
In this chapter we present the complete computation of the renormalization of the
HEFT Lagrangian [167]. In the previous chapter, we presented the renormalization
of the off-shell Green functions from the scalar sector of the Lagrangian. Despite
the automation tools used in Mathematica to perform the computation, there was
still a large amount of diagrams to calculate. In order to avoid this, we will use
here methods based in the Covariant Derivative Expansion (CDE) [168,169], whose
potential to trivialize one-loop computations has recently been explored in different
works [170–174].
We will also use the geometric formulation of the bosonic sector of the HEFT La-
grangian developed in Refs. [148, 149]. In those references and also Ref. [28] the
effective one-loop Lagrangian is determined for the bosonic sector with only scalars
in the internal loops. We extend here those studies and consider all possible fields
in the loops. In this way we are able to explicitly determine the structures required
as counterterms to renormalize the LO custodial-invariant HEFT Lagrangian and
establish the complete set of one-loop RGEs.
7.1. A gauge and Yukawa theory for a manifold of
scalars
Let us consider a manifold parametrized by a set of scalar fields φi and metric Gij,
fermions fields ψ and a gauge symmetry group acting on both. In order to handle
the gauge symmetries, we will work in terms of the isometries, which here will be
the symmetries of the scalar kinetic terms. The isometries are generated by Killing
vectors, t(φ):
δφi = θAtiA(φ), (7.1)
where A is an index labelling the isometries and θ is an infinitesimal parameter. In
order to preserve the metric of the manifold, the Killing vectors satisfy the following
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condition
tkA
∂Gij
∂φk
+Gkj
∂tkA
∂φi
+Gik
∂tkA
∂φj
= 0, (7.2)
When part or the whole symmetry is gauged we promote the corresponding infinites-
imal parameters θ → θ(x), so the derivative of the scalar field needs to be promoted
to the covariant derivative, which has the form
dµφ
i = ∂µφi + ABµ tiB(φ), (7.3)
where t is assumed to contain the gauge coupling constant and Aµ is the gauge field,
transforming as
δABµ = −∂µθB − fBCDθCADµ , (7.4)
in order to leave Gijdµφidµφj invariant, and the fCAB constants are defined as
tkA
∂tiB
∂φk
− tkB
∂tiA
∂φk
= fCABtiC (7.5)
The space of scalar fields has a non-trivial metric and thus we should also define a
covariant derivative in the field space:
∇is = ∂s
∂φi
,
∇ivj = ∂v
j
∂φi
+ Γjikvk,
(7.6)
where Γijk are the Christoffel symbols defined in terms of the metric as
Γijk =
1
2G
im
(
∂Gmj
∂φk
+ ∂Gmk
∂φj
− ∂Gjk
∂φm
)
. (7.7)
Finally, it is also useful to introduce the covariant derivative for a upper-index object
in field space containing also the gauge interaction:
(Dµη)i =
(
∂µη
i + Γikjdµφkηj
)
+ Aβµtiβ,jη
j . (7.8)
On the other hand, in the fermion sector the kinetic term respects a U(n) sym-
metry for n species of Weyl fermions. We can write them inside Dirac fermions ψ
transforming as
δψ = iθATψAψ, (7.9)
where TψA are the corresponding Hermitian generators for the gauge transformation
and they are assumed to contain the gauge coupling and the appropriate projectors
PL,R onto the different chiralities. The covariant derivative acting on a fermion then
reads
Dµψ =
(
∂µ + iTψBABµ
)
ψ. (7.10)
Finally, the Lagrangian is
L = Gij2 d
µφidµφ
j + ψ¯
(
i /D − Y(φ)
)
ψ − 14AµνA
µν − V (φ), (7.11)
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where Aµν is the field strength and V (φ) is the scalar potential. It contains a
Yukawa interaction given by Y(φ). Flavor and gauge indices have been omitted for
simplicity.
From (7.3) and (7.9), the subgroup of isometries and U(n) fermion symmetries
respected by the potential and the Yukawa interactions satisfy:
θAtiA
∂V
∂φi
= 0 , (7.12)
θAtiA
∂Y
∂φi
− iTψAθAY + iYTψAθA = 0. (7.13)
One-loop renormalization
To briefly explain the procedure to compute the one-loop corrections; let us take
a scalar theory with action S[φ]. The S-matrix can be computed from the n-point
Green functions G(n) by taking functional derivatives with respect to the source
function J of the generating functional
Z[J ] =
∫
Dφ ei(S[φ]+
∫
dxJ(x)φ(x)) (7.14)
Connected diagrams are actually given by the functional derivatives of W [J ] =
−i logZ[J ]; while 1PI Green functions are generated by a functional denominated
the effective action, which is defined as the Legendre transformation of W [J ]:
Γ[Φ] = W [J ]−
∫
dxJΦ, (7.15)
where
Φ ≡ δW
δJ
(7.16)
corresponds to the vacuum expectation value of φ in the presence of the source
J .
In the background field method [175], the effective action can be calculated by
expanding a quantum field Φ around a classical “background”
φ→ Φ + η (7.17)
where Φ is the solution to the classical equations of motion:
δS
δφ
∣∣∣∣∣
φ=Φ
+ J = 0, (7.18)
It can be proved that the solution to the equations of motion is also the vev of φ,
of Eq. (7.16) (and thus the same notation has been used), see for instance chapter
21 in [176]. Then expanding around the background, the generating functional is,
schematically:
eiΓ =
∫
Dη exp
[
iS[Φ] + iη
2
2
δ2S
δφ2
∣∣∣∣∣
Φ
+ . . .
]
(7.19)
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where the integral has a Gaussian form, so neglecting higher-order corrections, it
can be computed to be proportional to
eiΓ ≈ eiS[Φ]
(
det
(
−δ
2S[Φ]
δφ2
∣∣∣∣∣
Φ
))−1/2
, (7.20)
so the effective action, at one-loop is
Seff ≡ Γ[Φ] = S[Φ] + i2 log
[
det
(
−δ
2S
δφ2
∣∣∣∣∣
Φ
)]
(7.21)
Since in general it is necessary to compute the determinant of the second variation
of the action, we will rewrite it in a quadratic form in the variations of the fields, by
completing squares via field redefinitions that do not change the measure. For the
Lagrangian of Eq. (7.11), this reads:
δ2S = δψ¯Πψδψ − 12δAµΠˆ
µν
A δAν
− 12δφ
{
Πφ + 2ψ¯∇YΠ−1ψ ∇Yψ − tˆlΠˆ−1A tˆr
}
δφ
(7.22)
where the different pieces are:
Πψ = i /D − Y ,
(Πφ)ij = D
2
ij +Rkiljdφkdφl +∇2ij(V + ψ¯Yψ),(
ΠˆA
)µν
BC
= (ΠA)µνBC +
(
ψ¯γµTψBΠ−1ψ γνT
ψ
Cψ + h.c.
)
,
(ΠA)µνBC = −ηµνδBCD2 − 2fDBCF µνD − ηµνtBtC ,(
tˆl
)µB
i
= −tBi Dµ + 2dµφ∇itB −
(
ψ¯∇iYΠ−1ψ γµTψBψ + h.c.
)
,(
tˆr
)µB
i
= tBi Dµ + dνφ∇itB −
(
ψ¯γµTψBΠ−1ψ ∇iYψ + h.c.
)
,
(7.23)
where contracted indices have been omitted when obvious and, as for the notation,
ηµν is the Minkowski metric and Rijkl is the Riemann curvature tensor of the scalar
manifold∗. [TψB , T
ψ
C ] = ifABCT
ψ
A are the structure constants of the gauge symmetry.
When the covariant derivative (see Eq. (7.10)) acts on the adjoint representation;
i. e. in Dµ
(
δABν
)
=
(
∂µδ
B
C + i(T GD)BCADµ
)
δACν , then (T GD)BC = ifBDC . From (7.6),
the second covariant derivative in scalar field space acting on the potential (or the
Yukawa matrix), has the form
∇ijV = ∂
2V
∂φi∂φj
− Γkij∇kV, (7.24)
Furthermore, the logarithm is expanded using the CDE method, which does not
break covariant derivative structures (hence the name). In [170, 172] the procedure
is outlined for different simple Lagrangians. In particular, in [172] they discuss the
∗Explicit expressions for the curvature and other geometry related objects can be found in
Refs. [148,150]
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subtleties of adapting the method to theories with cross-terms from fields of different
spin-statistics by using a toy Yukawa theory.
The different integrals over momenta arising (see [170–172]) are then evaluated; so,
keeping only the divergent pieces, we find:
Seff =
1
32pi2ε
[11
12CGAµνA
µν − 12Tr
{(
Y†Y − i( /DY)
)2
+ 16i2 ([Dµ, Dν ])
2
}
+ 12Tr
{(
Rdφ2+∇2(V + ψ¯Yψ)− tt
)2
+ 16([Dµ, Dν ])
2 + 2(tAtB)2
}
+ ψ¯∇Y
(
i /D + 2Y†
)
∇Yψ −
(
i2ψ¯(t∇Y)Tψψ + h.c.
)
−2(dµφ∇it)(dµφ∇it) + ψ¯Tψ
(
2i /D − 8Y
)
Tψψ,
]
(7.25)
where we have used dimensional regularization with d = 4 − 2ε and the Feynman-
t’Hooft gauge. Again, indices are not shown when it is not necessary, and some
terms have been simplified so the result is more compact; for instance, Rdφ2 ≡
Rijkldµφ
jdµφl. CG denotes the Casimir of the adjoint representation:
∑
T GAT
G
A =
CG1. The covariant derivative inside the commutator of the second line is the one
acting on an upper-index object in field space of Eq. (7.8) and the trace is evaluated
on the scalar space. On the other hand, the covariant derivative in the commutator
of the first line is the one acting on a fermion field as in Eq. (7.10), with the trace
evaluated in fermion space.
7.2. One-loop HEFT
In this section we apply the previous result of Eq. (7.25) to the HEFT. Therefore,
the gauge group is GSM = SU(3)c × SU(2)L × U(1)Y and there are six fermion
representations, which we group in the following way (RH neutrinos are optional)†
in order to have a more compact notation:
ψL = (qL, `L)T , ψR = (uR, dR, νR, eR)T ,
QψL = diag
(1
6 ,−
1
2
)
, QψR = diag
(2
3 ,−
1
3 , 0,−1
)
,
(7.26)
where T Yψ = g′Qψ in the gauge derivative of Eq. (7.10); while the non-abelian
generators are introduced with the usual conventions Tr(TATB) = g2(s)δAB/2 for
weak isospin (color).
To describe the scalar sector we will use a similar notation as in [148, 149], which
we review in the following paragraphs.
As explained in Sect. 3.1, the scalar sector of the SM has a complex scalar doublet
Φ, which can be written in terms of four real scalar fields as:
Φ(x) = 1√
2
(
iφ1(x) + φ2(x)
h(x)− iφ3(x)
)
, (7.27)
†Here the notation is changed slightly from previous chapters for convenience. Flavor indices will
be omitted unless necessary; fermions are now denoted using lowercase, so Q is used to represent
the matrices containing the charges under U(1)Y .
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where h is the Higgs singlet and φa are the three GBs to be eaten by the EW gauge
bosons to become massive. The Higgs potential of Eq. (3.5) depends only on Φ†Φ,
i.e. on the modulus of the scalar 4-vector
φ = (h, φ1, φ2, φ3)T , (7.28)
which transforms linearly under the O(4) symmetry of the potential. The minimum
of the potential is at
〈φ · φ〉 = 〈h2 + φ21 + φ22 + φ23〉 = v2, (7.29)
a three-sphere S3 of radius v.
It is convenient to rewrite the fields as polar coordinates by introducing a 4-dimen-
sional unit vector in R4, ui(ϕ) (i = 0, 1, 2, 3), parametrized by three angular variables
ϕa‡ (a = 1, 2, 3): 
h
φ1
φ2
φ3
 = h

u0(ϕ)
u1(ϕ)
u2(ϕ)
u3(ϕ)
 , (7.30)
The potential will then depend only on h; while the ϕa fields will just have derivative
couplings. Under an O(4) transformation h remains invariant, while u transforms
linearly, as φ. The O(4) transformation preserves u(ϕ) · u(ϕ) = 1, so only three
components of the vector are free. The three unconstrained fields will then transform
non-linearly under O(4). As discussed in Sect. 6.2, many parametrizations of u(ϕ)
are possible as long as the non-linear constraint is satisfied. Since the vacuum is
chosen to be at 〈φ〉 = (v, 0, 0, 0)T , u is such that uj(0) = δj0.
The SM EW gauge group GSM is a subgroup of the global symmetry group of the
Higgs sector: GEW ⊂ G = O(4) ∼ SU(2)×SU(2). The vev 〈φ〉 spontaneously breaks
G to the unbroken subgroup H = O(3); so φa and h transform under the unbroken
O(3) as a triplet and singlet, respectively. The EW gauge symmetry contained in
G is just partially contained in H, being the overlap between them the unbroken
electromagnetic gauge symmetry Hg = U(1)em.
O(3) is the custodial symmetry (it has the same Lie algebra as SO(3), which is
isomorphic to the Lie algebra of SU(2)) and thus O(3) ∼ SU(2)V . Therefore, the
unbroken symmetry leads to the relation MW = MZ cos θW , as predicted in the
SM; see Sect. 5.2. For this reason we are assuming custodial symmetry throughout
this chapter and thus a good approximation for the GBs manifold is the 3-sphere
G/H ' S3 §.
The HEFT scalar sector will thus have four fields: h and the GBs ϕa, arranged
as φ = (h, ϕa), the spherical polar coordinates of a curved scalar manifold with
metric:
Gij = diag(1, F (h)2gab(ϕ)), (7.31)
‡We will treat ϕa as angular variables with no mass dimensions. The ϕa fields in this chapter
are equivalent to the pia/v fields appearing in the previous chapter.
§See Ref. [149] for a discussion on the breaking of custodial symmetry.
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where gab is the O(3) invariant metric on the GB manifold:
gab(ϕ) = ∂au(ϕ) · ∂bu(ϕ), (7.32)
with ∂a ≡ ∂/∂ϕa.
As it was introduced in the first section of this chapter, gauge symmetries will be
discussed in terms of Killing vectors of the scalar manifold. In order to get the
explicit form for the Killing vector, tA, it is convenient to write the scalar field
transformation of Eq. (7.1) as
δφi = θATˆ ijA φj, (7.33)
with TˆA antisymmetric real matrices satisfying Tr(TˆATˆB) = −(g(′))2δAB for weak
isospin (hypercharge). With all the above, taking into account the radial field h
does not transform under the G group, the explicit expression for the Killing vector
is
tA = (0, gab∂bu · TˆA · u), (7.34)
Finally, in order to write the scalar couplings to fermions it is also convenient to
introduce the unitary matrix U(ϕ):
UU † = U †U = 1, U(ϕ) = τˆ · u(ϕ), (7.35)
where τˆ ≡ {1, iτa}, with τa the Pauli matrices.
With all these definitions, the Lagrangian reads
L = 12∂µh∂
µh+ 12F (h)
2dϕ2 − 14AµνA
µν − V (h)
+ψ¯
(
i /D − U(ϕ)Y(h)PR − Y†(h)U †(ϕ)PL
)
ψ,
(7.36)
where Y(h) = diag(Yu(h), Yd(h), Yν(h), Ye(h)), with YI(h) (I = u, d, ν, e) as 3 × 3
matrices in flavor space (Yν is optional) and U = 1⊗U= diag(U,U). Aµν represents
schematically the different field strengths in the SM, see Eq. (1.1).
The Higgs potential V (h) is a function of the h field as in Eq. (6.3). It is important
to note that the field h denotes the Higgs excitation around the true EW vacuum
and therefore the potential has to satisfy at any order that
V ′(0) = 0, (7.37)
where the prime represents a derivative with respect to h. F (h) and YI(h) are
generic functions of the singlet h, as explained in Sect. 5.3,
F (h) = v
(
1 + ah
v
+ bh
2
v2
+ . . .
)
,
YI(h) = Y (0)I + Y
(1)
I
h
v
+ Y (2)I
h2
v2
+ . . . ,
(7.38)
where Y (n)I have mass dimension equals one (they contain the Higgs vev that in
Sect. 5.3 was written outside) and F satisfies
F (0) = v = 246 GeV, (7.39)
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from the measured gauge boson masses.
Finally, for illustration and later use, we leave here the expressions in the SM
limit:
FSM = h+ 〈h〉 , YSM = (h+ 〈h〉)YSM/
√
2,
VSM = −m
2
h
2 (h+ 〈h〉)
2 + λ8 (h+ 〈h〉)
4 , 〈h〉2 = 2m
2
h
λ
= v2.
(7.40)
Renormalization of the Leading Lagrangian
The LO Lagrangian in Eq. (7.36) receives corrections in all the terms at one-loop.
These corrections are Higgs-singlet field dependent, e.g. (∂µh)2 → Z(h)(∂µh)2,
except for the gauge bosons kinetic term. The gauge bosons obtain the standard
renormalization, as can be read from Eq. (7.25). It is then required, in order to
revert the Lagrangian to its original form, to have h-dependent renormalization
factors. Explicitly, the field redefinitions required to recover canonical kinetic terms
are:
ψR → ψR − 1ε32pi2
(
CGψR +
1
2
(
3Y
†Y
F 2
+ Y ′†Y ′
))
ψR, (7.41)
ψL → ψL − 1ε32pi2
CGψL + U2
(
Y ′Y ′† − YY
†
F 2
)
U † + YY
† + Y˜Y˜†
F 2
ψL, (7.42)
h→
h− 1ε32pi2
∫
dh
(g′)2 + 3g2
4
(
F ′′F − 2(F ′)2
)
+ 2Tr(Y ′Y†′)− 3V
′F ′′F ′
F 2
, (7.43)
where Y˜ ≡ (1⊗ )Y = diag( diag(Yu , Yd),  diag(Yν , Ye)), with  the 2× 2 antisym-
metric tensor. We denote the divergence by 1ε ≡ 1/ε + log µ. CGR is the Casimir
of the representation R, ∑G TRA TRA = CGR1. For instance, in the case of the LH
quark doublet, the corresponding Casimir is: CqL = (1/6)2g′2 + 3/4g2 + 4/3g2s . The
limits on the integral in the Higgs field redefinition should be chosen so the tad-
pole vanishes at loop level and thus our expansion is at any order around the true
minimum. See the discussion below Eqs. (7.44)–(7.46).
After these redefinitions three terms in the Lagrangian differ from the classical
expression: Yukawa couplings, the potential and the kinetic term for the Goldstone
bosons ϕ. The UV divergent part of these corrections has a scale dependence that
we present as customary in the form of a set of renormalization group equations
(RGEs). Despite being formally closed, they constitute however an infinite set due
to the functions of the Higgs singlet F (h) and Y(h) having a priori arbitrarily many
parameters.
The corrections received are again functions of the singlet field h and can be encoded
in partial differential equations whose solutions are functions of the Higgs singlet and
the renormalization scale µ, e.g. F (h, µ). In order to match with the RGEs given
here with the conventional coefficients one can simply perform a Taylor expansion
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on the Higgs functions and match the powers of h. Explicitly, the runnings for the
different functions are:
µ
∂F 2
∂µ
− FF
′
16pi2
∫
dh
[
(g′)2 + 3g2
2
(
F ′′F − 2(F ′)2
)
+ 4Tr(Y ′Y†′)− 6V
′F ′′F ′
F 2
]
(7.44)
+ 216pi2
[
2Tr(YY†)− g
′2 + 3g2
2 F
2 + F 2(F ′2 − 1)
(
g′2
4 − 2
V ′F ′
F 3
)
− FF ′′V ′′
]
= 0,
µ
∂V
∂µ
− V
′
32pi2
∫
dh
[
(g′)2 + 3g2
2
(
F ′′F − 2(F ′)2
)
+ 4Tr(Y ′Y†′)− 6V
′F ′′F ′
F 2
]
− 116pi2
1
2(V
′′)2 + 32
(V ′F ′)2
F 2
− 2Tr
(
Y†Y
)2 − g′2 + 3g24 FF ′V ′ (7.45)
+ 32F
4 g
′4 + 2g′2g2 + 3g4
16
 = 0,
−µ∂Y
∂µ
+ 116pi2
g′2 [Q2ψLY + YQ2ψR − 8QψLYQψR − Y4
+Y ′
(∫
dh
(
F ′′F − 2F ′2
4
)
− F
′F
4
)]
− 8g2sY (7.46)
+ 3g2Y ′
(∫
dh
(
F ′′F − 2F ′2
4
)
− F
′F
4
)
+ 12
(
Y ′Y†′Y + YY†′Y ′
)
+ 2Y ′Y†Y ′ − 3Y˜Y˜
†
F 2
Y + Y ′
∫
dh
(
2Tr
(
Y ′Y†′
)
− 3V
′F ′F ′′
F 2
)
+ V ′′Y ′′ + 3V
′F ′
F 3
(Y ′F ′F − Y)
 = 0.
As mentioned above, we are expanding around the true vacuum so that V ′(0) = 0.
In order to maintain this condition at the loop level, we have to make sure the RGE
for the linear term in h in the potential (the tadpole term) cancels. This term is
contained inside the RGE for the potential V (h), in Eq. (7.45). For this we use the
renormalization of the Higgs field in Eq. (7.43) choosing the limits of integration so
as to cancel the tadpole at one-loop.
We have explicitly checked that the previous RGEs reduce in the SM limit to the
corresponding RGEs already computed in the literature [71]. This check can be
more directly done by defining h¯ = h+ 〈h〉, so the RGEs for the Higgs self-coupling
and the Yukawa couplings can be easily compared to those in Ref. [71]. The case of
the RGE for the Higgs vev 〈h〉 is more subtle. Following the procedure described
above to impose tadpole cancellation, the RGE for F 2 gives the running of v = 〈h〉.
If the Higgs redefinition was not chosen to cancel the tadpole term, the definition
of 〈h〉 has to be revised at one-loop. Since at tree level we have 〈h〉2 = 2m2h/λ, this
means mh has to be promoted to be a running constant as well, so the running for
the vev now is given by the running of 2m2h/λ.
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The renormalization for gauge bosons is just as in the SM and comes from the
coefficient of A2µν in the one-loop effective action for each of the field strengths, see
Eq. (7.25). Therefore, the gauge couplings renormalize in the same way as in the
SM and the corresponding RGEs are not provided here; but can be consulted also
in Ref. [71], noting their conventions (their hypercharge coupling is redefined by a
factor
√
5/3).
Renormalization of the Sub-leading Lagrangian
In this case the RGEs are simpler than for the LO Lagrangian, since field renormal-
ization will be a two-loop effect for these operators.
As discussed earlier on, the operator violating the custodial symmetry that should
naively be written as LO for dimensions (see Sect. 5.2), is suppressed due to phe-
nomenological reasons. In our notation, this operator reads
L/C =
C/C
16pi2 (dµϕtY )
2 , (7.47)
which does arise in our one-loop computation, being controlled by the hypercharge
coupling that is inside tY and the GBs covariant derivative, the Killing vector asso-
ciated to U(1)Y , which is a source of custodial breaking in the SM. The associated
RGE is then:
µ
∂C/C
∂µ
− 3F 2(F ′2 − 1) = 0, (7.48)
and will contribute to the T parameter¶ as:
α δT = − 3g
′2
32pi2 (F
′2(0)− 1) log
(
v
4pif
)
, (7.49)
where α = e2/(4pi). µ = Λ = 4pif is taken to be the scale of new physics behind
the pGB Higgs dynamics, which is assumed to respect custodial symmetry. Thus
the coefficient is set to vanish at C/C(Λ) = 0, but is generated when running down
in energy till the EW scale v.
Now let us list the rest of additional structures found to be required to absorb all
the one-loop divergences. They will appear in the Lagrangian as:
1
16pi2
20∑
i=1
CiOi. (7.50)
Our computation resulted in 20 operators (in addition to O/C) being found to be
necessary as counterterms at NLO. Let us first summarize all of them in the following
list:
O1 = (∂µh)4/F 4, O5 = (dµϕ∂µh)2/F 2,
O2 =
(
(dµϕ)2
)2
, O6 = dµϕadνϕb∇atbBABµν , (7.51)
O3 = (dµϕdνϕ)2, O7 = ∂µhdνϕ · tBABµν/F,
O4 = (∂νh)2dµϕ2/F 2, O8 = tAtBABµνAC,µν ,
¶See Ref. [177] and definitions in Sect. 9.2 below.
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O¯9 = (∂µh/F )2(ψ¯LU)IψIR,
O¯10 = (dµϕ)2(ψ¯LU)IψIR, (7.52)
O¯11 = ∂µhdµϕa, ∂a(ψ¯ U)IψIR/F
O∗12 = ∂µhψ¯IγµψIR/F,
O∗13 = ∂µh(ψ¯ U)Iγµ(U †ψL)I/F,
O14 = idµϕaψ¯Iγµ
(
U †∂aU
)
IJ
ψJR, (7.53)
O15 = idµϕa(ψ¯ U)Iγµ←→∂ a(U †ψL)I/2,
O∗16 = dµϕa∂a(ψ¯ U)Iγµ(U †ψL)I/2,
O17 = (ψ¯LU)IψIR ψ¯JR(U †ψL)J , O19 = ψ¯IR(ψLψ¯L ⊗ 1)IJψJR, (7.54)
O¯18 = (ψ¯LU)IψIR(ψ¯LU)JψJR, O¯20 = (ψ¯εψIRψ¯L)IJψJR,
where all the barred operators (O¯9−11, O¯18 and O¯20), are added to the action together
with their Hermitian conjugate, h.c.; while starred operators are genuinely CP-
odd.
Again, for simplicity, indices are usually implicit and they should be contracted in
order to build invariants under GSM . For instance, the combination (U †ψL) has the
SU(2)L indices summed over so it has a flavor index α = 1, 2, 3 and a “RH” index
I = u, d, ν, e: (U †ψL)αI . Invariance under hypercharge forces some of the fermion
flavour indices to be the same, e.g. (ψ¯LU)IψJR only is U(1)Y -invariant for I = J .
As it will be shown below, in the explicit expressions for the RGEs, the coefficients
that contain Yukawa couplings show the corresponding index I indicating the type
of RH fermion and also two flavor indices Y αβI .
Inside operator O19 the SU(2)L indices are contracted in such a way that the LH
fermions explicitly appear as {(qq¯L1, q ¯`L1), (`q¯L1, `¯`L1)}. On the other hand, in
O¯20 it is understood that [ψ¯Lε( )ψ¯L] =
[
ψ¯Lε( )ψ¯L ⊗ 
]
where we insert ψIR in ( ) and
ε is the antisymmetric tensor with SU(2)L implicit indices.
Some pieces from these structures do violate custodial symmetry. For instance,
O∗13 could be decomposed into a custodial preserving and custodial breaking piece,
schematically:
O∗13 =C13(Y )
∂µh
F
(ψ¯ U)γµ(U †ψL)
→ Cˆ(Y )∂µh
F
ψ¯γµψL + C˜(Y )
∂µh
F
ψ¯γµ(Uτ3U †)ψL,
(7.55)
where the custodial breaking piece contains Uτ3U †, see Eq. (5.13).
Finally, we do not obtain any dipole or field strength to the cube structures. Holo-
morphy and helicity sum rules could help to make sense of this absence, as in
Refs. [178,179].
With respect to Refs. [28,148,149], where only scalars are taken to run in the loops,
we obtain an extra set of structures, made of scalar and fermion currents, as shown
in Eq. (7.53).
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Renormalization Group Equations
The corresponding RGEs for the different groups of operators in Eqs. (7.51)–(7.54)
are:
Bosonic operators.
µ
dC1
dµ
= −32 (FF
′′)2 , µdC5
dµ
= −43 (FF
′′)2 ,
µ
dC2
dµ
= −12 (FF
′′)2 − 13
(
F ′2 − 1
)2
, µ
dC6
dµ
= 13
(
F ′2 − 1
)
, (7.56)
µ
dC3
dµ
= −23
(
F ′2 − 1
)2
, µ
dC7
dµ
= 23F
′FF ′′,
µ
dC4
dµ
= (FF
′′)2
3 − 2(F
′2 − 1)FF ′′, µdC8
dµ
= 16
(
F ′2 − 1
)
,
Boson-Yukawa operators.
µ
dC9
dµ
= 3F ′′
(
F ′Y ′I −
YI
F
)
,
µ
dC10
dµ
= FF ′′Y ′′I + 2
F ′2 − 1
F
(
F ′Y ′I −
YI
F
)
, (7.57)
µ
dC11
dµ
= −2FF ′′
(
YI
F
)′
,
Scalar current – fermion current operators.
µ
dC12
dµ
= −iF2
[
Y ′†I Y
′′
I + 3
Y †I
F
(
YI
F
)′ ]
+ h.c.,
µ
dC13
dµ
= −iF2
[
Y ′IY
′′†
I +
YI
F
(
Y †I
F
)′
+ 2 Y˜I
F
(
Y˜ †I
F
)′ ]
+ h.c.,
µ
dC14
dµ
= F
′
F
(
Y †I YJ
)′ − Y ′†I Y ′J − Y †I YJF 2 , (7.58)
µ
dC15
dµ
=
(
F ′
F
(
YIY
†
I
)′ − Y ′IY ′†I − YIY †IF 2
)
,
µ
dC16
dµ
= − i2
(
F ′
F
YIY
′†
I −
F ′
F
(Y˜ Y˜ ′†)I
)
+ h.c.,
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Four-fermion operators.
µ
dC17
dµ
= 2
(
YI
F
)′ (Y †J
F
)′
− Y ′′I Y ′′†J −
3
F 2
(
F ′Y ′I −
YI
F
)(
F ′Y †′J −
Y †J
F
)
,
µ
dC18
dµ
=
(
YI
F
)′ (YJ
F
)′
− 12Y
′′
I Y
′′
J −
3
2F 2
(
F ′Y ′I −
YI
F
)(
F ′Y ′J −
YJ
F
)
,
µ
dC19
dµ
= −4
(
Y †I
F
)′ (
YJ
F
)′
, (7.59)
µ
dC20
dµ
= −2
(
YI
F
)′ (YJ
F
)′
,
As explained above, YI for I = u, d, ν, e are the different types of Yukawa couplings
with two flavor indices. Eq. (7.58) shows that the coefficients of the CP-odd op-
erators (O∗12, O∗13, O∗16) are proportional to the imaginary part of the product of
different Yukawa terms. The results shown here are in agreement with computa-
tions considering only scalars in the loops, Refs. [148, 149], which also agree with
Ref. [28] and our previous results for the scalar sector of Chapter 6.
The phenomenology associated to the one-loop HEFT can be studied upon these re-
sults, which is beyond the scope of this work. We have presented the renormalization
of the LO custodial-invariant HEFT Lagrangian of Eq. (7.36) and have determined
the set of operators required at NLO by renormalization with the corresponding
RGEs for their coefficients. With this, the general discussion on the Higgs effective
field theory in this thesis is concluded. We will however come back to the connection
with EFTs when the benchmark Lagrangian from an SO(5)/SO(4) model for a pGB
Higgs will be determined in Chapter 10. Also, in the last chapter, we will develop
the basis of first-order baryon number violating operators within the HEFT.
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Part III
Linear sigma model for a
pseudo-Goldstone Higgs
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Chapter 8
Presentation of the model
In order to explore a possible dynamical nature for the Higgs field we introduce in
this chapter a complete renormalizable Lagrangian based on the minimal SO(5) lin-
ear σ model with the symmetry softly broken to SO(4); including gauge bosons and
fermions, as it is presented in [180]. In the next chapter, we discuss the phenomeno-
logical implications and constraints from precision observables and the impact on
LHC data.
The model is inspired by the composite Higgs framework, which has been explained
in Sect. 4.3; implemented in a minimal SO(5) → SO(4) breaking scheme [30]. See
the schematics in Fig. 8.1. The high-energy global SO(5) symmetry is broken spon-
taneously to SO(4), resulting in four massless Goldstone bosons with characteristic
scale f ; analogous to the fpi pion decay constant in QCD. The four components of
the Higgs multiplet then share a common GB origin; while there is an extra scalar, σ,
singlet under SO(4), which acquires a mass already from the spontaneous symmetry
breaking.
Figure 8.1: Schematics of the SO(5)→ SO(4) model
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Furthermore, SO(5) is explicitly broken by the coupling of the exotic heavy repre-
sentations to the SM fermions and by the couplings with the EW gauge bosons in
the covariant derivatives. This induces at one-loop a potential for the h field with
a non-trivial minimum, providing a mass for h so it becomes a pseudo-Goldstone
boson and breaking the SM electroweak symmetry at a scale v 6= f .
Most of the literature on composite Higgs uses an effective non-linear approach to
study the models; see for instance [31, 32, 101, 102, 109, 181–184]. Instead, we study
here a renormalizable model, a particular UV completion of those. A former analysis
in this direction can be found in [34].
By varying the mass of the extra scalar field, σ, it is possible to sweep from the linear,
weakly coupled regime (light σ particle) to the non-linear one (mσ → ∞), where
one should fall onto the standard effective approach. This limit, and the dominant
effects from the linear completion will be explored in Chapter 10. As stated in
the motivation for this thesis, another advantage of this model is that it might be
considered either as a renormalizable UV completion of some deeper dynamics; or
it can be regarded as a UV-complete model describing elementary fields.
The choice of the minimal bosonic sector is clear and seems rather model-indepen-
dent (it could also be used to describe scenarios containing a SO(5)/SO(4)). How-
ever, there are several possible choices for the fermionic sector, an issue that will be
tackled in an effective way in the analysis of Sect. 10.1.
The option explored in this paper assumes heavy fermions in vectorial representa-
tions of SO(5); as is explained in Sect. 8.2. Direct linear couplings between the
exotic fermions and the SM ones will be the primordial source of SO(5) explicit
breaking. The Higgs particle has tree-level couplings only with the exotic fermionic
sector, via SO(5)-invariant Yukawa couplings; while light fermion masses are gener-
ated through a “partial compositeness” [35] mechanism. It will be finally discussed
how the induced Coleman-Weinberg potential requires soft-breaking terms to be
included in the scalar potential from the contributions of heavy fermions.
The complete Lagrangian can then be written as the sum of three terms describing
respectively the pure gauge, scalar and fermionic sectors,
L = Lgauge + Lscalar + Lfermion, (8.1)
where Lgauge is the SM gauge kinetic terms. This next section discusses in detail the
scalar sector and its interactions; while the fermionic sector is left for the final part
of the chapter.
8.1. The SO(5)/SO(4) scalar sector
The linear σ model corresponding to an SO(5) symmetry spontaneously broken to
SO(4) is inspired by the linear sigma model of QCD (which features a spontaneous
breaking isomorphic to SO(4) → SO(3); see Sect. 2.2.2), with potential of the
form:
V = λ
(
ΦTΦ− f 2
)2
, (8.2)
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where we have rewritten Eq. (2.26) with a real scalar field Φ, transforming under
the 4 of SO(4).
Since we want to have one more GB, let us now enlarge the scalar field to a φ that
has one more component, so it transforms in the fundamental (5) representation
of SO(5). This implies we have five real degrees of freedom: three of them to be
ultimately associated with the longitudinal components of the SM gauge bosons
(pi = (pi1, pi2, pi3)); one to correspond to the Higgs particle h and the remaining one
to be the scalar denoted by σ, singlet under SO(4):
φ = (pi1, pi2, pi3, h, σ)T
u.g.→ (0, 0, 0, h, σ)T . (8.3)
where u.g. stands for unitary gauge (pi = 0). For simplicity, from now on all
expressions will be shown in this gauge. The scalar Lagrangian then reads:
Ls = 12(Dµφ)
T (Dµφ)− V (φ) , (8.4)
where Dµ is the SU(2)L × U(1)Y covariant derivative, given by
Dµφ =
(
∂µ + igΣiLW iµ + ig′Σ3RBµ
)
φ , (8.5)
and ΣiL and ΣiR denote respectively the generators of the SU(2)L and SU(2)R sub-
groups of the custodial SO(4) group contained in SO(5).
An equivalent notation for φ can be written in terms of the SM Higgs doublet, H,
and its charge conjugate, H˜:
φˆ = 1√
2
(
H˜T , HT ,
√
2σ
)T
, (8.6)
with
H =
(
Hu
Hd
)
u.g.→ 1√
2
(
0
h
)
, H˜ ≡ iσ2H∗ =
(
H˜u
H˜d
)
u.g.→ 1√
2
(
h
0
)
. (8.7)
The hat on φ is to distinguish from the scalar field in the real notation above. The
last component, σ, is an SU(2)L and SU(2)R singlet. The relation between the real
and the complex notation is given by
φ = 1√
2
(
−i(Hu + H˜d) , Hu − H˜d , i(Hd − H˜u) , Hd + H˜u , √2σ
)T
. (8.8)
The scalar potential
We are interested in including explicit terms modeling the explicit breaking of SO(5).
In the unitary gauge, the most general renormalizable potential with broken SO(5);
but preserving SO(4) reads:
V (h, σ) =λ
(
σ2 + h2 − f 2
)2
+ αf 3 σ − f 2β h2
+ a1 f σh2 + a2 σ2h2 + a3 f σ3 + a4 h4 .
(8.9)
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where the expression in a general gauge can be recovered simply by doing the sub-
stitution h2 → h2 + pi2. We have chosen to get rid of σ2 and σ4 terms; since they
can be absorbed in a redefinition of other parameters; which results in only eight
parameters.
However, in order to be even more minimal, we will keep the only terms that are
strictly necessary for a soft explicit breaking. They are the α and β terms; since
they will be needed as counterterms to absorb divergences generated by one-loop
Coleman-Weinberg contributions to the Lagrangian from the heavy fermions, as it is
shown in Sect. 8.3. Therefore, the final expression for the Lagrangian is simply∗
Ls =12∂µσ∂
µσ + 12∂µh∂
µh− V (h, σ)
V (h, σ) = λ
(
σ2 + h2 − f 2
)2
+ αf 3 σ − f 2β h2.
(8.10)
This two extra α and β terms have also been considered in Ref. [34]; where also
a simple analysis was performed. The resulting scalar Lagrangian depends on four
parameters.
EWSB requires both scalars h, σ to acquire a non-vanishing vev, respectively dubbed
as v and vσ below, as for v 6= 0 the SO(4) global group and the EW group are
spontaneously broken. Therefore, for α, β 6= 0 and assuming v 6= 0, it results that
the potential has a minimum at
v2σ ≡ 〈σ〉2 = f 2
α2
4β2 , v
2 ≡ 〈h〉2 = f 2
(
1− α
2
4β2 +
β
2λ
)
, (8.11)
satisfying the condition
v2 + v2σ = f 2 (1 + β/2λ) , (8.12)
The focus of this paper is set on the interpretation of the Higgs particle as a PNGB,
which requires f 2 > 0 as well as |v| < |vσ|; see Sect. 8.1.4 for a discussion on the
scalar parameter space. For f 2 > 0, v2 > 0 and |v| < |vσ| we have the following
conditions:
α2 < 4β2
(
1 + β2λ
)
, (8.13)
2β2
(
1 + β2λ
)
< α2 , (8.14)
which for |β|  λ would indicate 2β2 . α2 . 4β2. Moreover, in order to get
v2  f 2, Eq. (8.11) requires a fine-tuning such that the ratio α/2β has to be close
to one.
Expanding now the σ and h fields around their minima, h ≡ hˆ+ v and σ ≡ σˆ + vσ,
and diagonalizing the scalar mass matrix, the mass eigenstates are given by
Light = hˆ cos γ − σˆ sin γ, Heavy = σˆ cos γ + hˆ sin γ . (8.15)
∗Full renormalizability of the theory requires, in general, the presence of all gauge invariant
operators of dimension equal to or smaller than four. At two or more loops, the renormalization
procedure may thus require to include further symmetry breaking terms beyond those consid-
ered; we will assume that their finite contributions will be weighted by comparatively negligible
coefficients and can be safely omitted in our analysis.
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It will be later shown that, for a pGB Higgs particle the less fine-tuned regions in
parameter space correspond to the case in which the light state is the Higgs and
the heavy state is the sigma particle. Therefore, in the phenomenological discussion
of the model we will use h and σ again for simplicity and take Light = h and
Heavy = σ.
The mixing angle in Eq. (8.15) is given by
tan 2γ = 4vvσ3v2σ − v2 − f 2
. (8.16)
Note that it should remain in the interval γ ∈ [−pi/4, pi/4] in order not to interchange
the roles of the heavy and light mass eigenstates.
The mass eigenvalues are given by
m2heavy, light = 4λf 2

(
1 + 34
β
λ
)
±
[
1 + β2λ
(
1 + α
2
2β2 +
β
8λ
)]1/2 , (8.17)
where the plus sign refers to the heavier eigenstate. For f 2 > 0, the squared masses
are positive if the following two conditions are satisfied:
3β + 4λ > 0, 2β2 + 4βλ− α2λ/β > 0 , (8.18)
where the second constraint is equivalent to Eq. (8.13). It follows that† β > 0.
Assuming the SO(5) explicit breaking to be small: |β|/4λ  1 the masses of the
heavy and light eigenstates read
m2
heavy
= 8λf 2 + 2β(3f 2 − v2) +O
(
β
4λ
)
,
m2
light
= 2βv2 +O
(
β
4λ
)
.
(8.19)
The physical scalars thus correspond to a “light” state with mass O(
√
βv) and a
“heavy” state with mass O(
√
λf).
As a consequence of the first expression, the scalar quartic coupling λ can be con-
ventionally traded by the sigma mass, usually keeping only the dominant term:
m2σ ' 8λf 2 The non-linear model would be recovered in the limit mσ  f ; i.e.
λ 1.
Notice also that for mh < mσ in the regime of small soft SO(5) breaking the mass
of the Higgs is controlled by β, a different parameter than the quartic self-coupling,
λ. This is consistent with the pGB nature of the Higgs boson whose mass should
now appear protected from growing in the strong interacting regime of the theory
(given by λ) in which instead the σ mass would increase. In other words, we have
replaced the hierarchy problem for the Higgs particle mass by a sensitivity of the σ
particle to heavier scales. In this way the σ mass represents generically the heavy
UV completion. Finally, note that the expression for mh shows that the value of the
β parameter for small β/4λ is expected to be around β ∼ m2h/2v2 ∼ 0.13.
†For f2 < 0, both inequalities in Eq. (8.18) are reverted (and so is also the inequality in
Eq. (8.13)); as a consequence, in that case we have β < 0.
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Scalar-gauge boson couplings
In the unitary gauge, the kinetic scalar Lagrangian written in terms or the unrotated
fields has the following expression:
Ls,kin = 12(∂µσˆ)
2 + 12(∂µhˆ)
2 + g
2
4
(
hˆ+ v
)2
W+µ W
µ− + (g
2 + g′2)
8
(
hˆ+ v
)2
ZµZ
µ ,
which justifies the previous identification of the Higgs vev v with the EW scale
defined from the W mass
v = 246GeV . (8.20)
In terms of the physical h, σ fields (mh < mσ) ‡, the Lagrangian reads
Ls = 12(∂µσ)
2 + 12(∂µh)
2 − 12m
2
σσ
2 − 12m
2
hh
2 − λ
(
h2 + 2hσ + σ2
)2 −
− 4λ(v cos γ − vσ sin γ)
(
h3 + hσ2
)
− 4λ(v sin γ + vσ cos γ)
(
σ3 + h2 σ
)
+
+ (1 + h
v
cos γ + σ
v
sin γ)2
(
M2WW
+
µ W
µ− + 12M
2
ZZµZ
µ
)
. (8.21)
As a consequence of the rotation to the mass basis, the physical Higgs couplings are
thus seen to be suppressed by a cos γ factor with respect to the SM ones. Besides,
the physical σ particle does also couple to the EW sector due to the mixing with
the original Higgs; with couplings suppressed by sin γ instead. This fact will yield
interesting phenomenology, as it will be discussed in the next chapter. The SM limit
is recovered when the σ field is decoupled from the spectrum, with cos γ = 1.
Renormalization and scalar tree-level decays
The four independent parameters of the scalar Lagrangian, f , λ, α and β, can be
expressed in terms of the following observables:
GF ≡ (
√
2v2)−1, mh, mσ, sin γ , (8.22)
with the Fermi constant GF as measured from muon decay mh from the Higgs pole
mass, and mσ could be determined from future measurements of the σ mass. The
mixing is given by sin γ; which could be measured from either deviations of the
Higgs couplings, as in κV or from the σ line shape obtained from its decay into four
leptons for mσ ≥ 300 GeV, analogous to the case of a heavy SM Higgs boson§.
To extend the renormalization scheme to the gauge sector, we choose two extra
observables: the mass of the Z boson and the fine structure constant,
MZ , αem =
e2
4pi , (8.23)
‡If mh > mσ the mixing dependence would correspond to the interchange cos γ ↔ sin γ in
Eq. (8.21)
§For a lighter σ, the decay width becomes too narrow (maybe even below the experimental res-
olution) and more ingenious procedures would be required to determine the scalar mixing strength,
such as for instance on-shell to off-shell cross section measurements [185].
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with MZ and αem determined from Z-pole mass measurements and from Thompson
scattering, respectively [41]. In our model, the relation between the gauge boson
masses is the same as the SM one:
MW = cos θWMZ , (8.24)
where the weak angle is given at tree-level by
sin2 θW =
1
2
(
1−
√
1− 4piαem√
2GFM2Z
)
. (8.25)
Finally, the relevant tree-level branching ratios for the heavy and light scalar boson
decays into the SM EW gauge bosons can be computed straightforwardly:
Γ(h→ WW ∗) = ΓSM(h→ WW ∗) cos2 γ ,
Γ(h→ ZZ∗) = ΓSM(h→ ZZ∗) cos2 γ ,
Γ(σ → W+W−) =
√
2GF
16pi m
3
σ sin2γ
[
1 +O
(
M2W
m2σ
)]
,
Γ(σ → ZZ) =
√
2GF
32pi m
3
σ sin2γ
[
1 +O
(
M2Z
m2σ
)]
,
(8.26)
where the SM widths can be found for instance in Ref. [186]. Furthermore, the
decay of the heavy scalar σ into two Higgs particles is:
Γ(σ → hh) =
√
2GF
32pi m
3
σ sin2γ
[
1 +O
(
m2h
m2σ
)]
. (8.27)
In conclusion, the σ partial widths into EW gauge bosons and the Higgs will domi-
nate the total σ width unless the mixing is unnaturally tiny. Therefore
Γσ
mσ
' m
2
σ sin2 γ
8v2 , (8.28)
and thus the measurement of the line shape of the σ seems feasible only formσ above
the EW breaking scale (assuming non-negligible mixing). In that regime, the value
of sin γ can be inferred from the line shape and all other observables in Eq. (8.26) can
then be predicted in terms of the physical parameters defining our renormalization
scheme. Other bosonic decay channels requiring one-loop amplitudes (decays into
gluons and photons) will be discussed in Sects. 9.3 and 9.4.
Scalar parameter space
We can now cast the any parameter in terms of those physical quantities. For
instance, using Eqs. (8.11), (8.16) and (8.17), the exact expressions for the h and σ
vevs are:
v =
(√
2GF
)−1/2
,
vσ =
v sin(2γ)(m2σ −m2h)
m2σ +m2h − (m2σ −m2h) cos(2γ)
.
(8.29)
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And the expressions for the parameters of the scalar potential (some of the pa-
rameters have been chosen to appear in combinations due to its convenience and
simplicity of the resulting expression):
λ = sin
2 γ m2σ
8v2
(
1 + cot2 γm
2
h
m2σ
)
,
β
4λ =
m2hm
2
σ
sin2 γ m4σ + cos2 γ m4h − 2m2hm2σ
,
α2
4β2 =
sin2(2γ)(m2σ −m2h)2
4(sin2 γ m4σ + cos2 γ m4h − 2m2hm2σ)
,
f 2 = v
2(sin2 γ m4σ + cos2 γ m4h − 2m2hm2σ)
(sin2 γ m2σ + cos2 γ m2h)
2 .
(8.30)
The last expression shows that sin2 γ does not coincide with the parameter ξ = v2/f 2
commonly used in the literature about composite Higgs models, except in the limit
mσ  mh (or more precisely β/4λ  1 and v2  f 2), where for sizable sin γ the
last equation above leads to
sin2 γ −→
mσ/mh1
v2
f 2
+ 4m
2
h
m2σ
. (8.31)
With the aid of this set of exact relations it is particularly instructive to fix the
Higgs vev and mass to their known experimental values and plot the parameter
space in terms as sin2 γ versus mσ, as in Fig. 8.2. The light red region corresponds
to f 2 < 0 ¶. In this case the minimum of the potential is at the origin and thus
no spontaneous breaking of SO(5) occurs; so no scalar is a GB. The red borders
correspond to f 2 = 0. On the other hand, in the light brown region, vσ < v; whereas
in the white regions v < vσ, where the vevs are defined with respect to the unrotated
fields. The regions can be connected continuously to the limit where the smaller vev
is zero and the field is a true GB. Thus the Higgs will behave mostly as the pGB
in the lower-right and upper-left corners (see below). In consequence, it turns out
that arbitrary values of mσ and sin2 γ are not allowed if we insist on interpreting the
Higgs boson as the pseudo-Goldstone boson of a spontaneous SO(5) breaking.
It is also interesting to discuss the plot regarding the scalar masses (mh = 125
GeV).
• In the case of mh < mσ (right of the figure), the physical Higgs particle
corresponds to the light state, while the physical sigma is the heavy one:
σphys = σˆ cos γ + hˆ sin γ,
hphys = hˆ cos γ − σˆ sin γ,
The physical Higgs couplings to SM particles are thus suppressed by cos γ with
respect to SM values; see for instance Eq. (8.21). In this case it will be shown
in Sect. 9.1 that present LHC Higgs data only allow for values sin2 γ < 0.18
¶For f2 < 0, α would have to be purely imaginary because of hermiticity.
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Figure 8.2: mσ versus sin2 γ parameter space of the scalar sector. The Higgs mass
mh and the Higgs vev v have been fixed to their physical values. The red region
corresponds to f 2 < 0, where spontaneous symmetry breaking is lost. In the brown
region, |v| > |vσ|. The Higgs is a pGB within the white regions at the bottom-right
and the top-left part of the plane. The relative importance of the explicit breaking
is shown through the β/λ and α/β curves.
at 2σ CL; which leaves as allowed parameter space a fraction of the lower
white section of the figure. The unrotated Higgs field has the smaller vev in
that region, so that for small mixings the physical Higgs is mostly the pGB
(where the Higgs is mostly the pGB; h ' hˆ for very small sin γ), with a mass
driven by v; while the physical σ is mostly the scalar whose mass is due to the
spontaneous breaking of SO(5). The analysis in the next sections will thus
focus in this regime, for which Fig. 8.2 already suggests a lower bound on mσ
of around 550 GeV. Notice the blue contours indicating that the heavier the
sigma, the softer the explicit breaking.
• Turning to mh > mσ (left of the figure), the physical Higgs and sigma particles
have interchanged their roles as the light and heavy particles:
hphys = σˆ cos γ + hˆ sin γ,
σphys = hˆ cos γ − σˆ sin γ,
The physical Higgs couplings to SM particles are now suppressed by sin γ;
which means that in this case the bound from LHC Higgs data is sin2 γ > 0.82
at 2σ CL. This leaves as allowed area only the upper part of the upper white
region; where the smaller vev is that of the unrotated Higgs field. Interest-
ingly, in the region where the mixing is sin γ is large, the physical Higgs is again
mostly the particle getting the smaller vev, h ' hˆ, and thus it behaves mostly
as the pGB. Nevertheless, the quartic coupling λ is there very small, typically
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λ < 10−3, making the SO(5) invariant potential very flat and thus potentially
unstable against radiative corrections. Furthermore, if the soft breaking pa-
rameters are required to be small α, β  λ, their values may require even
more fine-tuning. For these reasons we will not study this case further; even
if it seems an intriguing possibility.
8.2. Fermionic sector
Let us now describe the fermionic sector of the model. This is introduced in order
to implement “partial compositeness” [35], as it is explained below and break in this
way the SO(5) symmetry explicitly.
Moreover, fermions are always a delicate sector; since they usually contribute to
tensions with the EW scale (i.e. to the EW hierarchy problem) or make difficul-
ties in BSM theories (flavor problem). Several possibilities for heavy BSM fermions
embedded in SO(5) have been explored in the literature for the exotic fermionic
representations (see for instance Refs. [32, 34]). For phenomenological reasons (for
instance, the EW precision parameters) it is convenient to employ a model with
heavy fermions with vectorial interactions under the SM gauge group, in such a way
that the ordinary fermions couple to the Higgs at least through a heavy fermion so
the light fermion masses will come suppressed by the heavy fermion scale; consti-
tuting in this way like a generalized seesaw pattern; as in Fig. 8.3. Therefore, the
heavier the exotic fermions, the lighter the light fermions.
In particular, the setup considered has the following characteristics:
• There are heavy (exotic) vector-like fermions in complete representations of
SO(5), both in the fundamental representation, denoted below by ψ, or singlets
denoted by χ.
• By construction only the heavy exotic fermions couple directly to the scalar
φ ‖, containing the h and σ particles.
• The Higgs field couples to the exotic fermions only via SO(5) invariant Yukawa
couplings. The sources of SO(5) explicit breaking are instead the EW gauge
interactions and the mixing terms between the heavy exotic fermions and the
SM fermions. The explicit breaking produces an effective scalar potential at
one-loop; which is modeled by the two soft breaking terms in Eq. (8.10); as is
justified in Sect. 8.3.
The choice of fermionic representations respects an approximate custodial symme-
try which protects the Zbb coupling [111]. For simplicity, in the following we will
deal only with the third generation SM quarks, top and bottom, which are expected
to feel the effects of the “partial compositeness” the most. It would be straight-
forward to extend the results to the other quark flavors and leptons; for instance
‖While in our model ordinary fermions never couple directly to the scalars; other models consider
setups in which the SM left doublets are also embedded in SO(5) multiplets together with heavy
fermions. An example can be found in Ref. [34].
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Figure 8.3: Schematics of light fermion mass generation. On the left part, the SM
top quark depicted here as an example couples to the corresponding heavy partners
breaking explicitly SO(5). The middle picture shows the SO(5) invariant Yukawa
interactions between the Higgs and the heavy partners. The combination of both
couplings induces an effective top Yukawa coupling and thus a massive top quark.
introducing heavier replica of the exotic sector, leading to very minor additional
phenomenological impact.
In composite Higgs models there is a subtlety we have not introduced so far and
will usually omit for simplicity: the SO(5) is customarily enlarged by at least an
extra U(1)X sector in order to ensure that the heavy exotic fields coupling directly
with SM fermions have the right hypercharge assignments. This leads to a pattern
of spontaneous global symmetry breaking given by:
SO(5)× U(1)X → SO(4)× U(1)X ≈ SU(2)L × SU(2)R × U(1)X , (8.32)
with hypercharge corresponding to a combination of the charge under the new
abelian generator (X) and the third generator of SU(2)R (T3R):
Y = T3R +X . (8.33)
Since the global U(1)X symmetry remains unbroken, no additional Goldstone bosons
are generated. Two different U(1)X charges are compatible with SM hypercharge
assignments: 2/3 and −1/3. We will thus consider two different copies of heavy
fermions for each representation, each with a different charge under U(1)X . It will
turn out that each of them will be necessary to induce a mass term for the SM
up-type quarks and down-type quarks, respectively.
Schematically, the fundamental and singlet representations can be decomposed un-
der SU(2)L quantum numbers as follows:
ψ(2/3) ∼ (X,Q, T (5)), ψ(−1/3) ∼ (Q′, X ′, B(5)),
χ(2/3) ∼ T (1), χ(−1/3) ∼ B(1), (8.34)
where X(′), Q(′) denote the two different SU(2)L doublets contained in the funda-
mental representation of SO(5). In each multiplet, the first doublet has T3R = 1/2
while the second one has T3R = −1/2. Thus Q and Q′ are the heavy partners of
the SM quark doublet; now denoted by lowercase, q, in order not to be confused.
See Table 8.1 for a summary with the relevant quantum numbers for all heavy
fermions.
On the other hand, T (1,5), B(1,5) denote SU(2)L × SU(2)R singlets, in the 5 and
1 representation of SO(5), as it is indicated as superscript. T (1,5)R have the same
charges under the SM as tR; while B(1,5)R are the partners of bR.
107
Chapter 8. Presentation of the model
X Q T (1,5) Q′ X ′ B(1,5)
Σ(3)R +1/2 −1/2 0 +1/2 −1/2 0
SU(2)L × U(1)Y (2,+7/6) (2,+1/6) (1,+2/3) (2,+1/6) (2,−5/6) (1,−1/3)
U(1)X +2/3 +2/3 +2/3 −1/3 −1/3 −1/3
U(1)EM
Xu = +5/3
Xd = +2/3
Qu = +2/3
Qd = −1/3
+2/3
Q′u = +2/3
Q′d = −1/3
X ′u = −1/3
X ′d = −4/3
−1/3
Table 8.1: Heavy fermion charges assignments under the different groups. Σ(3)R
is the third generator of SU(2)R. The last row stands for the charges under the
electromagnetic (EM) symmetry. Note there are two heavy fermions with exotic
electric charges, Xu and X ′d.
The fermionic Lagrangian
As stated above, the analysis below will be restricted to the third generation of
SM quarks for simplicity, denoting by qL and tR and bR the doublet and singlets,
respectively. Assuming the content specified in the previous section, the fermionic
Lagrangian is given by
LF = q¯Li /DqL + t¯Ri /DtR + b¯Ri /DbR
+ ψ¯(2/3)
(
i /D −M5
)
ψ(2/3) + ψ¯(−1/3)
(
i /D −M ′5
)
ψ(−1/3)
+ χ¯(2/3)
(
i /D −M1
)
χ(2/3) + χ¯(−1/3)
(
i /D −M ′1
)
χ(−1/3)
−
[
y1 ψ¯
(2/3)
L φχ
(2/3)
R + y2 ψ¯
(2/3)
R φχ
(2/3)
L
+ y′1 ψ¯
(−1/3)
L φχ
(−1/3)
R + y′2 ψ¯
(−1/3)
R φχ
(−1/3)
L
+ Λ1
(
q¯L∆(2/3)2×5
)
ψ
(2/3)
R + Λ2 ψ¯
(2/3)
L
(
∆(2/3)5×1 tR
)
+ Λ3 χ¯(2/3)L tR
+ Λ′1
(
q¯L∆(−1/3)2×5
)
ψ
(−1/3)
R + Λ′2 ψ¯
(−1/3)
L
(
∆(−1/3)5×1 bR
)
+ Λ′3 χ¯
(−1/3)
L bR
+ h.c.
]
.
(8.35)
The first line contains the kinetic terms for the SM fermions. The second and
third lines include the kinetic and mass terms for the exotic fermions; which become
SO(5)-invariant in the gauge-less limit. The fourth and fifth lines contain the SO(5)
invariant Yukawa couplings of the exotic sector to the Higgs field. Finally, the last
three lines of the Lagrangian contain the SO(5) explicit breaking interactions of SM
fermions with exotic fermions. ∆2×5 and ∆5×1 are just introduced for formality and
they denote suitable spurions to select the right fermions inside the SO(5) multiplets,
transforming under SU(2) × U(1) such that they mix with the corresponding SM
fermion.
The primed parameters are connected to the bottom quark; therefore, if set to zero,
no bottom mass would be generated through this mechanism. All parameters in
Eq. (8.35) are assumed real for simplicity; i.e. we will assume CP invariance in what
follows.
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It is useful to rewrite the Lagrangian in Eq.(8.35) in terms of SU(2)L compo-
nents.
LF = q¯Li /DqL + t¯Ri /DtR + b¯Ri /DbR + Q¯
(
i /D −M5
)
Q+ X¯
(
i /D −M5
)
X
+ T¯ (5)
(
i /D −M5
)
T (5) + T¯ (1)
(
i /D −M1
)
T (1) + Q¯′
(
i /D −M ′5
)
Q′
+ X¯ ′
(
i /D −M ′5
)
X ′ + B¯(5)
(
i /D −M ′5
)
B(5) + B¯(1)
(
i /D −M ′1
)
B(1)
−
[
y1
(
X¯LHT
(1)
R + Q¯LH˜T
(1)
R + T¯
(5)
L σT
(1)
R
)
+ y2
(
T¯
(1)
L H
†XR + T¯ (1)L H˜†QR + T¯
(1)
L σT
(5)
R
)
+ y′1
(
X¯ ′LH˜B
(1)
R + Q¯′LHB
(1)
R + B¯
(5)
L σB
(1)
R
)
+ y′2
(
B¯
(1)
L H˜
†X ′R + B¯
(1)
L H
†Q′R + B¯
(1)
L σB
(5)
R
)
+ Λ1q¯LQR + Λ′1q¯LQ′R + Λ2T¯
(5)
L tR + Λ3T¯
(1)
L tR
+ Λ′2B¯
(5)
L bR + Λ′3B¯
(1)
L bR + h.c.
]
.
(8.36)
Unless stated otherwise, here and in what follows, the σ and H (h) fields denote
for simplicity the unshifted and unrotated original scalar fields of Eq. (8.10). This
equation shows that the light fermion masses must be proportional to the SO(5)
invariant Yukawa couplings of heavy fermions and to the explicitly SO(5) breaking
light- heavy fermionic interactions; involving at least the vev for the scalar doublet
H. Schematically, a t¯LtR mass term is seen to result from the following chain of
couplings,
ql −→Λ1 QR −→M5 QL −→y1〈H˜〉 T
(1)
R −→
M1
T
(1)
L −→Λ3 tR , (8.37)
suggesting that the dominant contribution to the mass is
mt ∝ y1 Λ1 Λ3
M1M5
v , (8.38)
see also Fig. 8.3 and Sect. 10.2.1. Furthermore, both the +2/3 and −1/3 electrically
charged sectors acquire off-diagonal mixing terms due to the linear fermion mixings
and the Yukawa couplings.
The expression for the fermionic Lagrangian of Eq. (8.36) can be rewritten in a
compact form defining a fermionic vector whose components are ordered by their
electrical charges qEM = (+5/3,+2/3,−1/3,−4/3):
Ψ =
(
Xu, T , B, X ′d
)
, (8.39)
where T and B include the top and bottom quarks together with their heavy
fermionic partners:
T =
(
t, Qu, Xd, T (5), T (1), Q′u
)
, B =
(
b,Q′d, X ′u, B(5), B(1), Qd
)
. (8.40)
The fermion mass terms can then be written as
LM = −Ψ¯L M(h, σ) ΨR, (8.41)
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where here and in what follows the sum over all components of the fermionic vector
is left implicit and the block diagonal 14× 14 fermion mass matrixM reads
M(h, σ) = diag
(
M5,MT (h, σ),MB(h, σ),M ′5
)
, (8.42)
MT (h, σ) =


0 Λ1 0 0 0 Λ′1
0 M5 0 0 y1 h√2 0
0 0 M5 0 y1 h√2 0
Λ2 0 0 M5 y1σ 0
Λ3 y2 h√2 y2
h√
2 y2σ M1 0
0 0 0 0 0 M ′5
, (8.43)
MB(h, σ) = MT (h, σ) with {yi,Λi,Mi} ↔ {y′i,Λ′i,M ′i} . (8.44)
The mass matrices can be diagonalized by bi-unitary (or bi-orthogonal, since the
parameters are real) transformations:
ΨphysL = LΨL , Ψ
phys
R = RΨR , Mdiag = L†MR . (8.45)
MT andMB are rather complicated matrices. Therefore, we can diagonalize them
only in very simple limits; in which some of the parameters are set to zero; but in
order to be general, in the phenomenological analysis of the next chapter they will
be diagonalized numerically.
Notice that after the diagonalization, the physical light eigenstates will be admix-
tures of the light and heavy fermion fields appearing in the Lagrangian and that the
vevs of the scalar fields will also induce heavy fermion mass splittings.
8.3. Coleman–Weinberg potential
In Sect. 8.1 it was assumed a specific form for the SO(5) scalar potential broken
to SO(4), introducing two additional SO(5) breaking parameters α and β. In this
section we will further motivate this assumption. Even assuming that the tree level
scalar potential would preserve the global SO(5) symmetry, the presence of SO(5)
breaking couplings in the fermionic sector will generate at one-loop level SO(5)
breaking terms through the Coleman-Weinberg mechanism [187].
The sources of SO(5) explicit breaking in the model are the SU(2)L×U(1)Y gauge
couplings in the covariant derivative and the linear mixings between heavy and light
fermions described in the previous section. The one-loop fermionic contribution
is computed as all possible 1PI one-loop diagrams for 2n scalar legs (figure taken
from [187]):
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Therefore it can be obtained from the field dependent mass matrixM as
Vloop = − i2
∫ d4k
(2pi)4
∞∑
n=1
1
n
Tr
(MM†
k2
)n
= i2
∫ d4k
(2pi)4Tr log
(
1− MM
†
k2
)
= − 164pi2
(
Λ2Tr
[
MM†
]
− Tr
[
(MM†)2
]
log
(
Λ2
µ2
)
+
+Tr
[
(MM†)2 log
(MM†
µ2
)]
− 12Tr
[
(MM†)2
])
,
(8.46)
where Λ is the UV cutoff scale while µ is a generic renormalization scale. As a result,
one quadratically UV divergent term (Λ2) and one logarithmically UV divergent
term (log Λ) appear; being the rest of contributions finite. For the model under
discussion the form of the UV divergent terms in terms of the scalars is:
Tr[MM†] = c1 + c2 (φTφ) , (8.47)
Tr[(MM†)2] = d1 + d2 σ + d3 h2 + d4 (φTφ) + d5 (φTφ)2 , (8.48)
where the explicit expressions for the coefficients are
c1 = 2Λ21 + Λ22 + Λ23 +M21 + 5M25 + ({} −→ {}′) ,
c2 = y21 + y22 + ({} −→ {}′) ,
and
d1 = M41 + 5M45 + 2M25
(
2Λ21 + Λ22
)
+ 2M21 Λ23 + 2Λ41 +
(
Λ22 + Λ23
)2
+ ({} −→ {}′) ,
d2 = 4 (y1M1 + y2M5) Λ2Λ3 + ({} −→ {}′) ,
d3 = −2 y21Λ22 + y22Λ21 + ({} −→ {}′) ,
d4 = 4 y1y2M1M5 + 2
(
y21 + y22
) (
M21 +M25
)
+ 2y21Λ22 + 2y22Λ23 + ({} −→ {}′) ,
d5 = y41 + y42 + ({} −→ {}′) ,
where the ({} −→ {}′) notation means there is a term with all parameters being
primed for each of the non-primed contributions shown.
From Eqs. (8.47) and (8.48), the quadratically divergent piece is seen to be SO(5)
invariant; while the logarithmic divergence contains two terms (σ and h2) breaking
SO(5) explicitly; while respecting SO(4) (in an arbitrary gauge, remember h2 would
correspond to the combination h2 + pi2).
We can get rid of the SO(5) invariant contributions via redefinitions of the param-
eters of the tree-level Lagrangian, and thus the quadratic divergence can be fully
absorbed and the same holds for the SO(5) invariant components of the logarith-
mically divergent terms (d1, d4 and d5). However, the presence of the d2 and d3
divergent SO(5)-breaking terms requires to add two corresponding counterterms in
the potential, so the theory can be renormalized. These two necessary terms are
those defined with coefficients α and β in the potential; see Eq. (8.10). The com-
putation of the finite part of Vloop should provide the dependence of the parameters
on the renormalization scale.
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On the other hand, the SM gauge couplings, despite breaking explicitly the SO(5)
symmetry, do not induce extra one-loop divergent contributions to the effective
potential other than those already present in the SM. Furthermore, the finite con-
tributions from the EW gauge bosons; going as their mass scale, can be neglected
with respect to the ones from heavy fermions, which go as the heavy fermion mass
scale. Therefore, being irrelevant for the scope of our work, we will only speak of
contributions to the scalar one-loop potential from heavy fermions.
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Phenomenology
The phenomenology of the model presented in the previous chapter is explored here.
Bounds are derived first on the model parameters resulting from EW precision tests
(namely S,T and gbL) and from LHC Higgs data.
We will analyze the possibility of having a σ particle in LHC data and, in that case,
what could distinguish the phenomenology from an SO(5)/SO(4) model from that
of a generic singlet scalar. For this we will focus on a sigma particle with mass above
the EW scale, but below 1 TeV, lighter than the heavy exotic fermions; while the
analysis of the implications in the limit of very heavy sigma mass will be undertaken
in the next chapter.
9.1. Bound from Higgs measurements
Current data from Higgs measurements at LHC already allow us to constrain the
mixing between the σ and the Higgs h particles. In particular, the bound comes from
h decays to the EW gauge bosons and the effective h-gluon-gluon coupling. Both
couplings are suppressed at leading order by a cos γ factor with respect to the SM
value (see Sects. 8.1.2 and 9.3). We use the latest ATLAS and CMS combined results
for the gluon-gluon and vector boson mediated Higgs production processes [67].
A χ2 fit taking into account the correlation between the corresponding coupling
modifiers in the combined fit of the 7 and 8 TeV LHC data (given by figure 26.A of
Ref. [67]) constrains directly cos γ, translating into the following bound
sin2 γ . 0.18 (at 2σ) , (9.1)
which in the mσ  mh limit would point to a value for the non-linearity parameter
of composite Higgs models, ξ ≡ v2/f 2 ∼ sin2 γ, see Eqs. (8.30) and (8.31). This is
consistent with the limits found in the literature [32, 33,101]∗.
∗The fermion configuration in our model differs from that of the standard MCHM5 composite
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9.2. Precision electroweak constraints
Analyses available on precision tests for composite Higgs models, such as that in
Ref. [188], usually consider non-linear versions of the theory where the only scalar
present is the Higgs particle, but for Ref. [34], which discusses qualitatively the
interplay of scalar and exotic fermion contributions. See also Ref. [189] in the context
of a SU(4)/Sp(4) model. We present here an analysis of the impact from the scalars
(h and σ) and the heavy fermions on precision parameters, namely S, T and the
Zb¯LbL coupling. This will allow us to discuss the impact of varying the σ mass and
some other parameter correlations.
S, T and gbL
Consider the parameter definitions in Ref. [177]:
αS = 4sW cW
dΠ30(q2)
dq2
|q2=0 = 4sW cW F30 ,
α T = 1
M2W
[Π11(0)− Π33(0)] = 1
M2W
[A11 − A33] ,
α U = −4s2W
d
dq2
[Π33(q2)− Π11(q2)]|q2=0 = 4s2W (F11 − F33) ,
(9.2)
where cW (sW ) denotes the cosinus (sinus) of the Weinberg angle cW = MW/MZ ,
and the electroweak vacuum polarization functions are given by
Πµνij (q) = −i[Πij(q2)gµν + (qµqν − terms)] ; Πij(q2) ≡ Aij(0) + q2Fij + ... (9.3)
with i, j = W,Z or i, j = 0, 3 for the B or the W3 bosons, respectively, and the
dots indicating an expansion in powers of q2. We will not consider further U as it
typically corresponds to higher order (mass dimension eight) couplings while only
low-energy data (e.g. LEP) will be used here†.
Furthermore, relevant constraints could also stem from deviations induced in the
Zb¯LbL coupling from the heavy BSM fermion introduced. This is parametrized by
gbL in the decay amplitude:
MZ→b¯LbL = −
e gbL
sW cW
b¯(p2) /(q)
1− γ5
2 b(p1), (9.4)
where (q) denotes the Z boson polarization and pi the b quark and antiquark
momenta.
The values of S, T and gbL are allowed to deviate from the SM prediction within the
constraints: [188,191]
∆S ≡ S − SSM = 0.0079± 0.095 ,
∆T ≡ T − TSM = 0.084± 0.062 ,
∆gbL ≡ gbL − gbL,SM = (−0.13± 0.61)× 10−3 , (9.5)
model, which results in a different dependence on ξ of the coupling modifier to fermions κf ; see
Eq. (10.38) and Sect. 10.1 for more details.
†The correspondence with parameters in Ref. [190] is: 1 ≡ αT 3 = αS /(4s2W )
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with the (S, T, gbL) correlation matrix given by 1 0.864 0.060.864 1 0.123
0.06 0.123 1
 . (9.6)
Scalar contributions in the linear SO(5) model: h and σ
Given the scalar couplings in Eq. (8.21), their contributions to S and T can be
formulated as
∆T (h andσ) = −∆T hSM(mh) + c2γ∆T hSM(mh) + ∆T (σ)
= s2γ
[
−∆T hSM(mh) + ∆T hSM(mσ)
]
,
(9.7)
∆S(h andσ) = −∆ShSM(mh) + c2γ∆ShSM(mh) + ∆S(σ)
= s2γ
[
−∆ShSM(mh) + ∆ShSM(mσ)
]
,
(9.8)
where the σ contributions ∆T (σ) and ∆S(σ) have been simply written in terms of the
usual SM formulae for the Higgs contribution ∆T hSM and ∆ShSM with the replacement
mh → mσ. The scalar contribution to ∆T is then given by
∆T (h andσ) =3GFM
2
W
8pi2
√
2
s2γ
−m2h log(m2h/M2W )M2W −m2h +m2σ
log(m2σ/M2W )
M2W −m2σ
+ M
2
Z
M2W
{
m2h
log(m2h/M2Z)
M2Z −m2h
−m2σ
log(m2σ/M2Z)
M2Z −m2σ
} ,
(9.9)
which in the limit mσ  mh,MW ,MZ reduces to
∆T (h andσ) ∼ s2γ
3GFM2W
8pi2
√
2
s2W
c2W
log(m2σ/M2W ) . (9.10)
For the ∆S corrections, the formulation in Refs. [192,193] is used, leading to
α∆ShSM(m) = s2W
2GF√
2pi2
M2W
 x
12(x− 1) log(x) +
(
−x6 +
x2
12
)
F (x)
−
(
1− x3 +
x2
12
)
F ′(x)
 ,
(9.11)
where x ≡ m2/M2Z and for x < 4:
F (x) = 1 +
(
x
x− 1 −
1
2x
)
log x− x
√
4
x
− 1 arctan
√
4
x
− 1 ,
F ′(x) = −1 + x− 12 log x+ (3− x)
√
x
4− x arctan
√
4
x
− 1 ,
(9.12)
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Figure 9.1: Uncombined contributions of the scalar sector (black curve) and the
exotic fermionic sector to the parameters S and T .
while for x > 4:
F (x) = 1 +
(
x
x− 1 −
1
2x
)
log x− x
√
1− 4
x
log
(√
x
4 − 1 +
√
x
4
)
,
F ′(x) = −1 + x− 12 log x+ (3− x)
√
x
x− 4 log
(√
x
4 − 1 +
√
x
4
)
.
(9.13)
In the limit of very large mσ, the σ contribution to S can be approximated by:
α∆S(σ) −→
σ→∞ s
2
γs
2
W
2GF√
2pi2
M2W
[
1
12 log
(
m2σ
M2W
)]
, (9.14)
consistent with the statements in the literature for a very heavy Higgs particle [177].
In Fig. 9.1 the black points are shown to compare the impact from the σ scalar on S
and T when varying its mass. As explained in Sect. 8.1.3, the set of parameters in
the scalar potential (f , λ , α , β) has been traded by four observables: GF , mh, mσ
and the scalar mixing γ (with the latter two yet unknown). The first point (mσ = 2
TeV, s2γ = 0.04) corresponds to {f = 1 TeV, λ = 0.38, α = 0.35, β = 0.16}; i.e. it
lies within the perturbative regime of the linear SO(5) sigma model. On the other
hand, the second point (mσ = 6 TeV, s2γ = 0.06) implies {f = 1 TeV, λ = 4.3,
α = 0.25, β = 0.13}. Now the scalar self-coupling λ is closer to the limit of validity
of the perturbative expansion (mσ = 4pif) [100]; and the SO(5) explicit breaking is
much softer in comparison. Both correspond to f = 1 TeV and are within the soft
explicit breaking regime α, β < λ. Note that, for a σ particle much heavier than the
Higgs, values of f below 700 GeV would be difficult to accommodate experimentally
as sin2 γ ' v2/f 2, see Eq. (9.1).
In summary, Fig. 9.1 shows a sizable negative contribution of the σ particle to ∆T
which increases with mσ, and positive contribution to ∆S, also increasing with the
mass. The result is consistent with the pattern expected in the qualitative discussion
of Ref. [34], and similar to that for the heavy Higgs case (see e.g. Ref. [194]). In
the limit mσ → mh the total scalar contribution matches that in the SM due to the
Higgs particle. It is easy to extrapolate the S and T scalar contributions to other
mixing regimes as they scale with s2γ. For instance, the effect would be amplified
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Figure 9.2: Combined contributions to S and T from the scalar sector and the
exotic fermionic sector. The blue, green and red points are allowed at 1, 2, 3σ by
the combined (S, T, gbL) fit, while gray points are outside the 3σ region.
by a factor of ∼ 3 when raising the mixing towards the maximal value allowed by
Higgs data, see Eq. (9.1).
Finally, for gbL we will not analyze the one-loop σ contributions, since they would be
proportional to the bottom Yukawa couplings and thus negligible compared to the
top and top-partner contributions to be discussed below.
Fermionic contributions
The heavy fermion sector may also have an impact on the S and T parameters and
on gbL. This sector adds additional parameter dependence on top of the four renor-
malization parameters already discussed for the scalar sector of the linear SO(5)
sigma model. The fermionic parameter space is quite large and adjustable, and thus
in practice mσ and γ will be treated here as independent from them. It will also be
assumed that the inclusion of quarks and leptons from the first two generations does
not alter significantly the analysis of electroweak precision tests, as lighter fermions
would have a much smaller mixing with their heavy partners.
The gauge boson couplings to neutral (NC) and charged (CC) fermionic currents
in the weak basis can be read from the charges in Table 8.1. After rotation to the
mass basis (see Sect. 8.2.1), the corresponding Lagrangians can be written as (the
notation is similar to Ref. [195]):
LNC = Ψ¯physγµ
[
g
2 (CLPL + CRPR)W
3
µ − g′(YLPL + YRPR)Bµ
]
Ψphys
= Ψ¯physγµ
[
g
2cW
(
CLPL + CRPR − 2s2WQ
)
Zµ − eQAµ
]
Ψphys ,
LCC = Ψ¯physγµ
[
g√
2
(VLPL + VRPR)W+µ
]
Ψphys + h.c. , (9.15)
where PL and PR are chirality projectors, Ψphys denotes the generic fermionic vector
in the physical mass basis and e is the absolute value of the electric charge unit. In
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the model under discussion, the matrices C and Y are related via the electric charge
matrix –see also Eq. (8.33):
Yα = Q− 12Cα α = L or R , (9.16)
with
Q =
(
+53 ,+
2
3 16×6,−
1
3 16×6,−
4
3
)
. (9.17)
The relation between the NC coupling matrices in the mass basis, CL,R and YL,R,
and their counterparts in the interaction basis (same symbols in curly characters
below) is given by
CL = LCLL†, CR = R CRR† ,
CL;R = diag(+1, CTL;R, CBL;R,−1) ,
CTL;R = −CBL;R = diag(+1; 0,+1,−1, 0, 0,+1) ;
(9.18)
YL = LYLL†, YR = RYRR† ,
YL;R = diag
(
+76 ,Y
T
L;R ,YBL;R,−
5
6
)
,
YTL;R = diag
(1
6 ;
2
3 ,
1
6 ,
7
6 ,
2
3 ,
2
3 ,
1
6
)
,
YBL;R = diag
(1
6 ;−
1
3 ,
1
6 ,−
5
6 ,−
1
3 ,−
1
3 ,
1
6
)
.
(9.19)
Analogously, for the CC coupling matrices VL,R:
VL = LVL† , VR = RVR† ;
VL;R =

0 VXuT 01×6 0
06×1 06×6 VT BL;R 06×1
06×1 06×6 06×6 VBX′d
0 01×6 01×6 0
 ,
VXuT =
(
VBX′d
)†
= (0, 0, 1, 0, 0, 0) ,
(9.20)
while VT BL is a 6×6 matrix whose elements are null but for its (1, 1), (2, 6) and (6, 2)
entries with value 1, and VT BR is a 6× 6 matrix with null elements but for its (2, 6)
and (6, 2) entries with value 1.
The contribution of the fermionic sector to the T parameter, ∆T f , is given by [196]:
∆T f = 316pis2W c2W
{∑
ij
[(
(V ijL )2 + (V
ij
R )2
)
θ+(ηi, ηj) + 2V ijL V
ij
R θ−(ηi, ηj)
]
−
− 12
∑
ij
[(
(CijL )2 + (C
ij
R )2
)
θ+(ηi, ηj) + 2CijLC
ij
R θ−(ηi, ηj)
] }
− 316pis2W c2WM2Z
(
m2t +m2b − 2
m2tm
2
b
m2t −m2b
ln m
2
t
m2b
)
,
(9.21)
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where mi denotes the fermion masses, mi ≡ Mdiagii , and ηi ≡ m2i /M2Z . The last
line in this equation corresponds to the subtraction of the SM contribution from the
light fermions (top and bottom). The θ± functions are defined as [196]:
θ+(η1, η2) = η1 + η2 − 2η1η2
η1 − η2 ln
η1
η2
− 2(η1 ln η1 + η2 ln η2)
+ div η1 + η22 ,
θ−(η1, η2) = 2
√
η1η2
(
η1 + η2
η1 − η2 ln
η1
η2
− 2 + ln(η1η2)− div2
)
.
(9.22)
The fermionic contribution to S, ∆Sf , can be also computed following Ref. [196]:
∆Sf = − 1
pi
∑
ij
{
(CijL Y
ij
L + C
ij
RY
ij
R )
[
−div12 −
5
9 +
ηi + ηj
3 +
ln(ηiηj)
6
+ηi − 112 f(ηi, ηi) +
ηj − 1
12 f(ηj, ηj)−
χ+(ηi, ηj)
2
]
− (CijL Y ijR + CijRY ijL )
[
2√ηiηj +√ηiηj f(ηi, ηi) + f(ηj, ηj)4
+χ−(ηi, ηj)2
] }
−∆SfSM ,
(9.23)
In both equations above, f(η1, η2) and χ±(ηi, ηj) are as defined in Ref. [196] and
“div” stands for the divergent contributions typically appearing in dimensional reg-
ularization. The last term corresponds to the subtraction of the SM light (top and
bottom) fermionic contributions ‡.
Finally, to analyze the effect on the Zb¯LbL coupling, we follow Ref. [195] for the
computation of the corrections to the gbL parameter defined in Eq. (9.4). Again,
only the top and bottom sectors will be taken into account. As before, the mass
generation mechanism for the lighter fermions is expected to have a lesser impact
on EW precision tests. Moreover, the bottom quark mass will be neglected (y′1 =
y′2 = 0) §. The fermion-gauge couplings relevant to this case are the Z couplings for
the charge 2/3 and −1/3 sectors which can be read from Eqs. (9.17) and (9.18), and
the couplings to the W± boson between the RH 2/3 and the LH −1/3 sectors (see
the matrix VT BL defined after Eq. (9.20)). In addition to the NC and CC couplings
in Eq. (9.15), the interactions of the charged longitudinal gauge boson components
(pi±) are needed:
Lpi± = Ψ¯phys g√2 (WLPL +WRPR) Ψ
physpi+ + h.c. (9.24)
where
WL = RWLL†, WR = LWRR† , (9.25)
‡The SM fermionic contributions to S and T with only one generation of quarks follow from
Eq. (9.15) considering a two-component fermion field ΨSM = (t, b), with MSM = diag(mt,mb)
and coupling matrices QSM = Y SMR = diag (+2/3,−1/3), CSML = diag (+1,−1), Y SML = + 16 12×2,
V SML = antidiag (0, 1), CSMR = V SMR = 02×2 .
§The cancellation of divergences in the computation of ∆gbL has been verified in this approxi-
mation.
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Figure 9.3: Scalar and fermionic impact on the T parameter and on the Zb¯LbL
coupling gLb .
with WL and WR being the mixing matrices in the interaction basis, given in the
present model by
WL;R =

0 WXuTL;R 01×6 0
06×1 06×6 WT BL;R 06×1
06×1 06×6 06×6 WBX′dL;R
0 01×6 01×6 0
 ,
WXuTL;R =
√
2
g
(0, 0, 0, 0,−y2;− y1, 0) ,
(
WBX′dL;R
)†
=
√
2
g
(0, 0, 0, 0, y′1; y′2, 0) .
(9.26)
The 6 × 6 matrix WT BL in this equation has all elements null but for its (5, 6) and
(6, 5) entries which take values y1 and −y′2, respectively; whileWT BR is a 6×6 matrix
of null elements but for its (5, 6) and (6, 5) entries which take values y2 and −y′1,
respectively. In practice, only the entries connecting –after rotation– the charge 2/3
fermions to bL will enter the computation.
In the numerical analysis, we will consider for the scalar sector the two sets of
values considered earlier to compute the impact from the heavy scalar: one within
the perturbative regime (mσ = 2 TeV, s2γ = 0.04), and the other roughly where
perturbativity is lost (mσ = 6 TeV, s2γ = 0.06). See discussion above.
The exotic fermionic masses will be allowed to vary randomly between 800 GeV
and O(10 TeV), as the heavy top partners with electric charges +5/3 and +2/3 are
bounded to be above 800− 1000 GeV [197, 198], depending on the dominant decay
mode. In the light fermion sector, the top and bottom masses will be allowed to
vary within the intervals mt = 173± 5 GeV and mb = 4.6± 2 GeV, respectively, for
illustrative purposes.
Figs. 9.1 to 9.4 depict the points that satisfy a χ2 global fit to the precision pseudo-
observables S, T and ∆gbL, where the blue, green, and red points are the allowed
1σ, 2σ and 3σ regions, respectively, while gray points lie above the 3σ limit. The
central values, uncertainties and correlation matrix are taken from Ref. [188]. The
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ellipses drawn in the ∆S − ∆T plane in Figs. 9.1 and 9.2 are the projection for
∆gLb = 0, while those in the ∆T −∆gLb plane in Fig. 9.3 take ∆S ' ∆S(h andσ), the
value coming only from the scalar sector. The latter is a good approximation since S
gets in practice a very small correction from the heavy fermions, see Fig. 9.2.
∆S versus ∆T
As shown in Fig. 9.2, the fermion sector can actually lead to large deviations in
the value of the T parameter. In the first panel of Fig. 9.2 only the fermionic
contributions are depicted; while the last two panels show the fermion plus scalar
combined results. As in Fig. 9.1, we can see that the lighter the σ particle, the less
tension follows with respect to EW precision data, in particular due to the impact
on ∆T , although it is to be noted that even for large mσ fermionic contributions
could bring (S, T ) within the experimentally allowed region.
The sign of the fermionic contributions to S and T can be qualitatively understood
in terms of the light-heavy fermion mixings and the mass hierarchy between the
heavy eigenstates. For instance, large mixing values with a heavy singlet are known
to induce large positive contributions to ∆T , as pointed out in Ref. [195], as a
result of the custodial symmetry being broken by the singlet-doublet mixing. This
is illustrated in Ref. [199], by using a simple fermion setup. They consider heavy
vector fermions coupling directly to both the light doublet qL and the light singlet
qR. When only a heavy singlet is present, the expected contributions to ∆T and
∆S are both significant (although the ones to ∆T are more important) and positive
for the regime we consider, see their Eq. (32). Instead, when only a heavy vector
doublet is taken into account, they obtain sizable contributions to ∆T and very
small to ∆S, with a sign proportional to the sign of the mass splitting between the
heavy eigenstates with charge 2/3 and −1/3.
It is not possible to apply those conclusions in Ref. [199] directly here, though, as in
our setup the light fermion mass generation involves necessarily and simultaneously
both a heavy doublet and a heavy singlet, see Eq. (8.38). Nevertheless, the fact that
fermionic corrections to ∆S are found to be mainly positive is consistent with being
dominated by the participation of a heavy singlet (T1). Fig. 9.4 shows that indeed
a large mixing between tL and the singlet T (1) leads to a positive ∆T (left panel)
while the negative corrections to ∆T obtained are consistent instead with a large
mixing between tR and the doublet component Xd (middle panel).
∆T versus ∆gbL
The deviations induced in the Zbb coupling provide additional bounds: even if the
model parameters do not impact on ∆gLb at tree level, the top partners may induce
at loop level deviations from the SM value. Fig. 9.3 depicts the purely fermionic
and the scalar plus fermion combined contributions in the T − gbL parameter space.
The right panel in Fig. 9.4 show a sizable and positive impact on gbL of the mixing
between tL and the charge 2/3 heavy singlets T (1) and T (5), similarly to what is
found in Ref. [195].
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Figure 9.4: Examples of correlations between the size of different fermion mixings
and electroweak precision measurements. The label “tL,R mixing with Ψ1, Ψ2, . . . ”
indicates
(
|UL,R1 |2 + |UL,R2 |2 + . . .
)1/2
, where UL,R denote the left or right rotation
that diagonalizes the mass matrix.
As a final remark, there are considerable mixings in the fermion sector for which the
dominant effects go schematically as tan θij ∼ Λi/Mj. It could be thus suspected
that large deviations in the Wtb coupling should occur. However, since these rota-
tions are mainly driven by the SO(5) breaking couplings Λi and Λ′i in Eq. (8.36),
which are custodial symmetry preserving, it is found that a rotation in the top sec-
tor is mostly compensated by a corresponding one in the bottom sector, leading to
practically no deviation in Vtb.
9.3. Higgs and σ coupling to gluons
This section and the next one deal with the scalar to photons and to gluons effective
couplings, arising at one-loop level. The scalar-gluon-gluon amplitudes hgg (σgg) is
defined as
Ah(σ) ≡ Ah(σ)↔gg(m2h(σ)) = −i
αs
pi
gh(σ)(p · k gµν − pµkν)δab , (9.27)
where gh and gσ are scale-dependent functions that parametrize the amplitude
strength, αs = g2s/4pi with gs denoting the QCD coupling constant, p and k stand
for the gluon four-momenta, and a, b are color indices. In the case of the SM, the
hgg coupling is induced only at one loop level and the amplitude is dominated by
the top quark:
gSMh =
(
yt√
2
)
1
mt
I
(
m2h
m2t
)
, (9.28)
where yt is the top Yukawa coupling (mt ≡ yt v/
√
2) and I(m2h/m2t )/mt is the loop
factor with
I
(
q2
m2
)
=
∫ 1
0
dx
∫ 1−x
0
dz
1− 4xz
1− xz q2
m2
≈

1/3 for m2  q2
0 for m2  q2
 .
The SM bottom contribution corresponds to I(m2h/m2b) ≈ 10−2 and is thus usu-
ally neglected ¶. Expanding the global field-dependent mass matrix M(h, σ) in
¶The large mass limit in the integral is customarily applied for mh < 2mi, which includes the
top case.
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Eqs. (8.41)-(8.44) around the scalar field vevs, v and vσ, and defining the following
constant matrices
M≡M(v, vσ), ∂M
∂h
≡ ∂M(h, σ)
∂h
∣∣∣∣∣ h = v
σ = vσ
,
∂M
∂σ
≡ ∂M(h, σ)
∂σ
∣∣∣∣∣ h = v
σ = vσ
,
the fermionic mass Lagrangian Eq. (8.41) can be written as
−LY = Ψ¯LMΨR + hˆ Ψ¯L∂M
∂h
ΨR + σˆ Ψ¯L
∂M
∂σ
ΨR + h.c. (9.29)
where hˆ and σˆ are the unrotated scalar fluctuations, see Eq. (8.15). Performing the
rotation to the fermionic mass eigenstate basis {Ψi → Ψphysi }:(
M
)
ij
→ mi δij ,
(
∂M
∂h
)
ij
→ (Yh)ij ,
(
∂M
∂σ
)
ij
→ (Yσ)ij , (9.30)
where mi, Yh and Yσ are respectively the masses and the couplings to the unrotated
scalars fields hˆ, σˆ of the physical fermionic states‖.
It is straightforward to obtain the physical h ↔ gg and σ ↔ gg amplitudes com-
bining those involving the unrotated hˆ and σˆ fields. The latter will require the
substitution of the SM loop factor in Eq. (9.29) as follows,
yt√
2
1
mt
I
(
m2h
m2t
)
→

∑
i
(Yh)ii
1
mi
I
(
q2
m2i
)
for hˆ↔ gg
∑
i
(Yσ)ii
1
mi
I
(
q2
m2i
)
for σˆ ↔ gg

, (9.31)
where q2 = m2h for h ↔ gg on-shell transitions, while q2 = m2σ for σ ↔ gg on-shell
transitions, and where the sum runs over all colored fermion species present in the
model.
h↔ gg transitions
If all fermion masses were much larger than mh, it would be possible to simply
factorize the constant integral outside the sum as follows:
∑
i
(Yh)ii
mi
I
(
m2h
m2i
)
≈ 13
∑
i
(Yh)ii
mi
= 16
d
dh
log det(MM†) , (9.32)
where the last term is written in the original unrotated fermionic basis since trace
and determinant are invariant under a change of basis. All fermions in the model are
indeed much heavier than the Higgs particle but for the bottom quark, whose loop
contribution I(m2h/m2b) is actually negligible. Therefore, at energies q2 ≈ m2h we
‖For instance, in this notation (Yh)tt = yt/
√
2.
123
Chapter 9. Phenomenology
should remove the contribution of the bottom quark included in Eq. (9.32), which
results in the following effective couplings:
ghˆ(m
2
h) ≈
1
6
d
dh
(
log det(MM†)− log(mb(h, σ)m∗b(h, σ))
)∣∣∣ h = v
σ = vσ
= 13v +O
(
v
M ′1M ′5
)
,
gσˆ(m2h) ≈
1
6
d
dσ
(
log det(MM†)− log(mb(h, σ)m∗b(h, σ))
)∣∣∣ h = v
σ = vσ
= − y23M5
Λ2
Λ3
+O
(
vσ
M ′1M ′5
,
vσ
M25
)
,
(9.33)
where the eigenvalue of the field-dependent mass matrix corresponding to the bottom
quark reads
mb(h, σ) =
y′1Λ′1Λ′3 − y′1y′2Λ′1Λ′2 σ/M ′5
M ′1M ′5 − y′1y′2 (h2 + σ2)
h√
2
. (9.34)
The h↔ gg amplitude is then given by Eq. (9.27), with
gh ≡ ghˆ(m2h) cos γ − gσˆ(m2h) sin γ . (9.35)
σ↔ gg transitions
Following an analogous procedure to the one just explained, the σgg amplitude can
be obtained using Eq. (9.31) for q2 = m2σ. The difference with the previous case is
that we assume the σ mass to be comparable or larger than the top quark mass,
so its contribution should be also subtracted from that of the complete fermion
mass matrix, just as the bottom quark was subtracted before. In other words, here
mb  mt,mσ  mi, where mi denotes the heavy fermion masses. We then subtract
the bottom contribution as before (I(m2σ/m2b) ≈ 0), but in case the σ and top masses
are comparable, we take into account the q2 dependence in the top loop. This results
in:
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ghˆ(m
2
σ) ≈
1
6
d
dh
(
log det(MM†)− log(mt(h, σ)m∗t (h, σ))
− log(mb(h, σ)m∗b(h, σ)))| h = v
σ = vσ
+ 1
v
I
(
m2σ
m2t
)
= 1
v
I
(
m2σ
m2t
)
− 23v
(
y1y2
M1M5
+ y
′
1y
′
2
M ′1M ′5
)
+O
(
vv2σ
M21M
2
5
,
vv2σ
M ′21M ′
2
5
)
,
gσˆ(m2σ) ≈
1
6
d
dσ
(
log det(MM†)− log(mt(h, σ)m∗t (h, σ))
− log(mb(h, σ)m∗b(h, σ)))| h = v
σ = vσ
− y2
M5
Λ2
Λ3
I
(
m2σ
m2t
)
= − y2
M5
Λ2
Λ3
I
(
m2σ
m2t
)
− 23vσ
(
y1y2
M1M5
+ y
′
1y
′
2
M ′1M ′5
)
+O
(
v3σ
M21M
2
5
,
v3σ
M ′21M ′
2
5
)
,
(9.36)
where the eigenvalue of the field-dependent mass matrix corresponding to the top
quark reads
mt(h, σ) =
y1Λ1Λ3 − y1y2Λ1Λ2 σ/M5
M1M5 − y1y2 (h2 + σ2)
h√
2
. (9.37)
The σ ↔ gg amplitude is finally given by Eqs. (9.27) and (9.36), with
gσ ≡ ghˆ(m2σ) sin γ + gσˆ(m2σ) cos γ . (9.38)
The moduli of the squared matrix elements for gg → h and gg → σ, averaged over
the polarizations of the initial state, are then given by
|Ah|2 = α
2
Sm
4
h
64pi2 g
2
h ,
|Aσ|2 = α
2
Sm
4
σ
64pi2 g
2
σ .
(9.39)
In terms of these amplitudes, the cross section at the parton level can be expressed
as
σpart(gg → h) = |Ah|2 pi
spart
δ(spart −m2h) = |Ah|2
pi
τs2
δ(τ − m
2
h
s
) , (9.40)
where as usual spart denotes the center-of-mass energy at the parton level spart = τs.
A similar expression holds for σpart(gg → σ). By convoluting the cross-section with
the gluon densities G(x), we finally obtain
σ(pp→ h) = |Ah|2 pi
m2hs
∫ 1
m2
h
/s
dx
x
G(x) G
(
m2h
sx
)
,
σ(pp→ σ) = |Aσ|2 pi
m2σs
∫ 1
m2σ/s
dx
x
G(x) G
(
m2σ
sx
)
.
(9.41)
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In summary, for very heavy fermion partners the h-gluon-gluon transitions are dom-
inated by the top quark contribution, see Eq. (9.33); while they might have a more
significant impact on σ-gluon-gluon transitions, see Eq. (9.36).
9.4. Higgs and σ decay into γγ
There are no direct hγγ or σγγ couplings in our Lagrangian; but they arise instead as
effective interactions from loops of fermions and, in the case of hγγ, also of massive
vector bosons. In order to compute the effective couplings, we will use a similar
procedure to the one followed in the previous section. Let the scalar-photon-photon
amplitudes hγγ and σγγ be defined as
Ah(σ)↔γγ(m2h(σ)) = i
α
pi
Ωh(σ) (p · k gµν − pµkν)δab , (9.42)
where Ωh and Ωσ are scale-dependent functions. The decay amplitudes are then
given by
Γ(h→ γγ) = α
2m3h
64pi3 |Ωh|
2 , Γ(σ → γγ) = α
2m3σ
64pi3 |Ωσ|
2 . (9.43)
The contributions can again be decomposed as
Ωh = cos γ Ωhˆ(m
2
h)− sin γ Ωσˆ(m2h) ,
Ωσ = sin γ Ωhˆ(m
2
σ) + cos γ Ωσˆ(m2σ) .
(9.44)
The unrotated sigma field σˆ only couples to fermions; while hˆ couples both to
fermions and the EW gauge bosons. In this case this means hˆ has a contribution
for the W boson besides that of fermion fields:
Ωhˆ(q
2) = ΩF
hˆ
(q2) + ΩW
hˆ
(q2), Ωσˆ(q2) = ΩFσˆ (q2) , (9.45)
where the superscripts F and W stand for fermionic and gauge contributions, re-
spectively. The latter is analogous to the SM one, that is,
ΩW
hˆ
(q2) = g
2v
8m2W
IW
(
4m2W
q2
)
, (9.46)
where the factor g2v results from the Higgs−WW vertex, and the remaining part,
IW/8m2W , results from the kinematics of the loop integral:
IW (x) = 2+3x+3x(2−x)f(x) , f(x) =
 arcsin
2(1/
√
x) x ≥ 1
−14
[
log 1+
√
1−x
1−√1−x − ipi
]2
x < 1 . (9.47)
h↔ γγ transitions
At the Higgs mass scale, the SM hˆWW coupling in Eq. (9.46) is given by
ΩW
hˆ
(m2h) ≈
4.2
v
, (9.48)
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while the SM quark contributions are given by
ΩSM,Fh = −6
∑
f
Q2f
(
yf√
2
)
1
mf
I
(
m2h
m2f
)
≈ −89
1
v
, (9.49)
where yf is the fermion Yukawa coupling, mf = yf v/
√
2, and the remaining factor
I/mf results from the loop integral. The last expression in Eq. (9.49) corresponds
to the top contribution, which dominates the SM fermionic contribution. The SM
h → γγ decay rate has an expression similar to what is given in Eq. (9.42) with
Ωh = ΩSM,Wh + Ω
SM,F
h . In the model under consideration these expressions for the
quark contributions to the h→ γγ transitions are generalized as follows, in analogy
with the gg fusion analysis above:
ΩF
hˆ
(m2h) = −2
∑
f
N fCQ
2
f ω
h
f (m2h) = −2
[
3
(2
3
)2
ωh2/3(m2h) + 3
(
−13
)2
ωh−1/3(m2h)
]
,
ΩFσˆ (m2h) = −2
∑
f
N fCQ
2
f ω
σ
f (m2h) = −2
[
3
(2
3
)2
ωσ2/3(m2h) + 3
(
−13
)2
ωσ−1/3(m2h)
]
,
where N fC is the number of colors of a given quark species f , and ωhf are scale-
dependent functions, which for charge 2/3 and −1/3 fermions read
ωh2/3(m2h) ≡
1
6
d
dh
(
log det(MT M†T )
)∣∣∣∣∣ h = v
σ = vσ
= 13v ,
ωh−1/3(m2h) ≡
1
6
d
dh
(
log det(MBM†B)− log(mb(h, σ)m∗b(h, σ))
)∣∣∣∣∣ h = v
σ = vσ
(9.50)
= −23v
y′1y
′
2
M ′1M ′5
+O
(
v v2σ
M ′21M ′
2
5
)
.
As for the σ particle, we find:
ωσ2/3(m2h) ≡
1
6
d
dσ
(
log det(MT M†T )
)∣∣∣∣∣ h = v
σ = vσ
= − y23M5
Λ2
Λ3
+O
(
vσ
M25
)
,
ωσ−1/3(m2h) ≡
1
6
d
dσ
(
log det(MBM†B)− log(mb(h, σ)m∗b(h, σ))
)∣∣∣∣∣ h = v
σ = vσ
(9.51)
= −23
vσy
′
1y
′
2
M ′1M ′5
+O
(
v3σ
M ′21M ′
2
5
)
.
As in the previous section, the bottom contribution has been neglected, while it has
been assumed mh  mi for the top mass and all other exotic fermion masses.
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σ↔ γγ transitions
Similarly, for σ decaying into two photons the contributions for the unrotated field
σˆ are given by
ΩFσˆ (m2σ) = −2
∑
f
N fCQ
2
f ω
σ
f (m2σ) = −2
[
3
(2
3
)2
ωσ2/3(m2σ) + 3
(
−13
)2
ωσ−1/3(m2σ)
]
,
ΩF
hˆ
(m2σ) = −2
∑
f
N fCQ
2
f ω
h
f (m2σ) = −2
[
3
(2
3
)2
ωh2/3(m2σ) + 3
(
−13
)2
ωh−1/3(m2σ)
]
,
where
ωσ2/3(m2σ) ≡
1
6
d
dσ
(
log det(MT M†T )− log(mt(h, σ)m∗t (h, σ))
)∣∣∣∣∣ h = v
σ = vσ
− y2
M5
Λ2
Λ3
I
(
m2σ
m2t
)
=− y2
M5
Λ2
Λ3
I
(
m2σ
m2t
)
− 23vσ
y1y2
M1M5
+O
(
v3σ
M21M
2
5
)
,
ωσ−1/3(m2σ) ≡
1
6
d
dσ
(
log det(MBM†B)− log(mb(h, σ)m∗b(h, σ))
)∣∣∣∣∣ h = v
σ = vσ
=− 23vσ
y′1y
′
2
M ′1M ′5
+O
(
v3σ
M ′21M ′
2
5
)
,
(9.52)
while for ωh(m2σ) it results
ωh2/3(m2σ) ≡
1
6
d
dh
(
log det(MT M†T )− log(mt(h, σ)m∗t (h, σ))
)∣∣∣∣∣ h = v
σ = vσ
+ 1
v
I
(
m2σ
m2t
)
= 1
v
I
(
m2σ
m2t
)
− 23v
y1y2
M1M5
+O
(
vv2σ
M21M
2
5
)
,
ωh−1/3(m2σ) ≡
1
6
d
dh
(
log det(MBM†B)− log(mb(h, σ)m∗b(h, σ))
)∣∣∣∣∣ h = v
σ = vσ
=− 23v
y′1y
′
2
M ′1M ′5
+O
(
vv2σ
M ′21M ′
2
5
)
,
(9.53)
where again it has been assumed that mb  mσ, mt comparable or lighter than the
sigma mass, and mσ  mi for all the other heavy quarks. Finally, the physical h
and σ decay widths into two photons are given by
Γ(h→ γγ) = α
2m3h
64pi3
∣∣∣cos γ [ΩW
hˆ
(m2h) + ΩFhˆ (m
2
h)
]
− sin γ ΩFσˆ (m2h)
∣∣∣2 ,
Γ(σ → γγ) = α
2m3σ
64pi3
∣∣∣sin γ [ΩW
hˆ
(m2σ) + ΩFhˆ (m
2
σ)
]
+ cos γ ΩFσˆ (m2σ)
∣∣∣2 . (9.54)
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In summary, σ → γγ transitions are dominated by the W± loop contributions
unless the scalar mixing is small enough for the heavy partner loop contribution to
be significant.
9.5. The σ resonance at the LHC
This section explores what LHC data can say about a σ resonance.∗∗ The constraints
from electroweak precision tests analyzed in Sect. 9.2 showed that a scenario with
a light σ particle tends to diminish the tension with data. On the other side,
naturalness prefers a sizable mass for a pGB Higgs and an unprotected σ particle.
Furthermore, the pGB interpretation implies the existence of a non-zero mixing
between σ and h, sin2 γ ∼ ξ  1 which would require a strong fine-tuning of
the theory for a light sigma, see Eq. (9.1) and the discussion after Eqs. (8.30),
(8.31).
In order to estimate the LHC constraints on the model, we recast many LHC searches
for scalar resonances into the σ parameter space, calculating the production cross
section and decays of the σ particle. The production of the σ particle at the LHC
may proceed mainly via two processes, gluon fusion and vector boson fusion (VBF).
Gluon fusion usually dominates the production due to the large gluon parton dis-
tribution functions. Nevertheless, this conclusion is somewhat model-dependent as
the heavy fermion couplings to σ may a priori enhance or diminish the cross sec-
tion. VBF depends essentially on the mixing angle γ, but it typically yields a lower
production cross section than gluon fusion for mσ < O(1 TeV). For this reason, we
will assume the σ is produced through gluon fusion in what follows.
To account for higher order corrections to Γ(σ → gg), we will profit from the
results in the literature for a heavy SM-like Higgs boson H ′, using the following
approximation
σ(gg → σ) ' |A(σ → gg)|
2
|ASM(H ′ → gg)|2 σSM(gg → H
′) , (9.55)
where A(σ,H ′ → gg) refers to LO (one-loop) amplitudes and σSM(gg → H ′) is the
NNLO standard gluon fusion production cross section given in Ref. [53].
Let us now discuss the LHC impact of the σ particle by first considering an scenario
in which the impact of the heavy fermions on gluon fusion is negligible as compared
to the top contribution coming from the mixing with the Higgs. Then the produc-
tion amplitude can be approximated by the top loop contribution for a heavy SM
Higgs weighed down by sin γ. The left panel in Fig. 9.5 shows the results from
recasting different LHC searches for a heavy Higgs-like particle into constraints in
the {mσ, sin2 γ} plane under this assumption.
The searches taken into account here include diphoton [201,202], diboson [203–206]
and dihiggs [207, 208] decays. The constraint from Higgs measurements on the
∗∗Later work also explores other interesting phenomenological consequences for a scalar like the
sigma particle, as Ref. [200] where the decay into fermions is studied.
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Figure 9.5: Constraints on sin2 γ versus σ mass parameter space from LHC run-1
(left panel) and prospects for LHC run-2 with an integrated luminosity of 3000 fb−1
(right panel), considering gluon fusion is dominated by the top loop.
mixing sin2 γ < 0.18 from Sect. 9.1, which is independent of mσ, is also shown as
a grey colored excluded area. Fig. 9.5 shows that run-1 LHC data were already
sensitive to mσ < 600 GeV for sin2 γ ' 0.1. It is worth noting that these bounds
apply to any generic scenario in which the Higgs particle is substituted by a Higgs-
singlet scalar system with a mixing angle γ, independently of the details of the
theory. Now, considering the pGB Higgs theoretical motivation for the SO(5)/SO(4)
model discussed here, interesting bounds can be derived, since a pGB nature for the
Higgs boson corresponds to the area to the right of the red curve depicted, see also
Fig. 8.2. This curve corresponds to the minimal theoretical requirement f 2 > 0 for
SO(5) to be spontaneously broken, which results in a bound mσ > 500 GeV, in
particular from the impact of ATLAS Hheavy → ZZ searches. If f 2 values above the
electroweak scale are instead required (black curve) mσ > 550 GeV follows.
The future prospects for this scenario are depicted on the right panel of Fig. 9.5. It
shows the future LHC sensitivity in the ZZ decay channel of the 14 TeV LHC run
with an integrated luminosity of 3 ab−1, for both ATLAS and CMS [209]. It also
shows the expectation for the excluded region for the scalar mixing from Higgs data,
assuming a 5% precision on the Higgs couplings to SM particles. In conclusion,
in the absence of any beyond the SM signal, future LHC data together with the
theoretically motivated constraints mentioned above, could push the limit on the σ
mass above 900 GeV–1.4 TeV.
The difference between the LHC predictions of the model discussed in this paper and
those stemming from extending the SM by a generic scalar singlet (see e.g. Ref. [210])
is the underlying SO(5) structure of the former, which prescribes a specific relation
between the quartic terms in the potential as well as specific soft breaking terms.
In the generic extra singlet scenarios, the allowed parameter space is given by the
entire white area in Fig. 9.5, while a PNGB nature for the Higgs restricts the allowed
region to the area to the right of the curves depicted in the figure.
Finally, let us discuss the possible impact from the exotic heavy fermions of the
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Figure 9.6: Constraints on sin2 γ versus σ mass parameter space from LHC run-1
(left panel) and prospects for LHC run-2 with an integrated luminosity of 3000 fb−1
(right panel), considering a sizable contribution of the heavy fermion sector to gluon
fusion. See text for details.
model. We use the approximate expressions in Eqs. (9.39) and (9.41), and assuming
that the factor y1y2/M1M5 in Eq. (9.36) is the largest contribution. The results
obtained are depicted in Fig. 9.6. It shows that the LHC bounds on sin2 γ can be
weakened by O(30 − 50%) with respect to the bounds found in Fig. 9.5. This is
due to a destructive interference between the heavy fermions and the top loops,
for the set of parameters considered. Moreover, future searches will be much more
sensitive to the heavy fermion sector as they probe smaller mixing angles, thus
entering regions in parameter space where the top quark is relatively less important
to the σ phenomenology.
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Connection with EFTs
The analysis presented here [211] takes the model described in Chapter 8 and ex-
plores the limit λ → ∞. This corresponds to a very heavy σ particle. Indeed,
sending its mass to infinity should make us fall onto the usual effective non-linear
construction.
The number of couplings is usually very large in the most general case for the HEFT
Lagrangian [125–127, 140]. Therefore, the purpose of this chapter is to obtain the
benchmark Lagrangian for models based on an SO(5)/SO(4) breaking. See also
Ref. [212].
Ref. [213] established a purely bosonic basis for a generic SO(5)/SO(4) construction
(among other patterns) with no SO(5) explicit breaking. In this computation we
find a reduced subset of those operators in the particular case of our minimal SO(5)
linear sigma model. We expect those operators to be common to the non-linear
limit of any construction containing the SO(5)/SO(4) spontaneous breaking. The
leading order operators from the explicit SO(5)-breaking are also determined in this
work.
Furthermore, the leading contributions from BSM heavy fermions are presented as
well. However, instead of restricting the treatment to the very particular, rather
model-dependent, setup of heavy fermions described in previous chapters, a simpli-
fied effective Yukawa coupling is defined to handle the dominant fermion-induced
effects (see section 10.1). In this fashion, we provide a way to classify and disen-
tangle among the many different choices found in the literature for heavy fermions
embeddings in SO(5) [32].
Finally, we particularize the study to the fermionic scenario of Sect. 8.2. The heavy
fermions there are integrated out explicitly together with the heavy scalar particle.
Moreover, we do this both first integrating out the heavy fermions and then the
heavy scalar and then the other way round; so it can be checked whether the order
in which the computation is done has any effect on the results.
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By providing the benchmark Lagrangian for this kind of models, containing the first
corrections from the linear renormalizable completion, we expect to provide a way
to analyze the impact of a possible renormalizable UV completion and compare with
the effects of scenarios with purely non-linear dynamics.
10.1. Model independent analysis
The considered Lagrangian has three parts:
L = Ls + Lf + Lg , (10.1)
where Ls is the scalar Lagrangian of (8.10), and Lg contains the SM kinetic terms
for gauge bosons.
The fermionic part of the Lagrangian in Eq. (10.1) will be written as the sum of two
terms:
Lf = Lkinf,SM + LYukf , (10.2)
where Lkinf,SM comprises the kinetic terms for only SM fermions. As described in
Sect. 8.2, a generic feature of models implementing partial compositeness is the
addition of heavy vector-like fermions, which mix linearly with the SM fields, being
in this way responsible for the explicit breaking of SO(5), inducing a potential and
mass for the Higgs particle at one-loop, and for the generation of SM fermion masses
through effective Yukawa couplings.
The exact form of the effective coupling is model-dependent and varies according to
how the SM fermions are embedded in SO(5). However, at low energies it is possible
to write an effective Yukawa Lagrangian in terms only of the SM fermions, plus h
and σ, which respects electroweak gauge invariance but breaks SO(5),
LYukf ≡ −y0f O(n,m)Yuk,f + · · ·+ h.c. , (10.3)
where the constant y0f is a model-dependent coefficient∗ and we define the effective
Yukawa operator for a given fermion f (let us consider only quarks for simplicity)
as
O(n,m)Yuk,f ≡ q¯LH˜ fR
(
σ
f
)n (2H†H
f 2
)m
, (10.4)
if f is an up-type quark, with H˜ ≡ iσ2H∗ and
O(n,m)Yuk,f ≡ q¯LH fR
(
σ
f
)n (2H†H
f 2
)m
, (10.5)
if f is a down-type quark. The ellipses in Eq. (10.3) refer to other SM fermion op-
erators and possibly extra model-dependent terms coming from the heavy fermion
sector. The effective interaction between the SM fermions and the scalars is schemat-
ically shown in Fig. 10.1.
∗The superscript 0 indicates that y0f encodes only the leading contributions induced by the
heavy fermionic sector.
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Figure 10.1: Schematic fermion mass operator at low scales with arbitrary insertions
of the scalar fields.
Fermion representation (qL-qR) Yukawa interactions y0fO(n,m)Yuk
5-1, 5-10, 10-5 yO(0,0)Yuk
5-5, 10-10, 14-10, 10-14, 14-1 yO(1,0)Yuk
14-14 3yO(1,0)Yuk − 2y′O(1,1)Yuk + 8y′O(3,0)Yuk
14-5 yO(0,0)Yuk + y′O(2,0)Yuk
5-14 yO(0,0)Yuk + y′O(0,1)Yuk − 4y′O(2,0)Yuk
Table 10.1: Yukawa operators corresponding to particular embeddings (see e.g.
Ref [32]) of a SM quark doublet qL and right-handed qR fermion (either up-type
or down-type right-handed quark) into SO(5). The coefficients y, y′ refer to distinct
possible relative weights of SO(5) invariant operators allowed by the models
In the literature of composite Higgs models the notation MCHMA−B−C is often used
to indicate their fermion composition, with A,B,C indicating the SO(5) representa-
tion in which the SM doublet qL, up-type right-handed and down-type right-handed
fermions are embedded, respectively. Also, when only one subindex appears as in
MCHMA it is understood to be of the type MCHMA−A−A. See Table 10.1 for a
summary of the {n,m} parameter values for different models†.
Eqs. (10.4) and (10.5) assume that a given fermion mass corresponds to a single set
of {n,m} values. This is often the case; for instance, the top and bottom Yukawa
couplings in the MCHM5−1−1 model of Sect. 8.2 correspond to O(0,0)Yuk , while in the
MCHM5 scenario they both correspond to O(1,0)Yuk (see e.g. Ref. [33]). Notice that, for
these cases with a single Yukawa operator, the global coefficients and suppression
scales in Eqs. (10.3)-(10.5) are constrained by the fermion masses and therefore do
not constitute any additional model dependence.
†Models with spinorial SO(5) embeddings, e.g. MCHM4 [30], are phenomenologically excluded
in particular in view of Z → bb¯ data [102]
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Nevertheless, in some scenarios a given fermion mass results instead from combining
several operators of the type in Eqs. (10.4) and (10.5) with different {n,m} values.
The procedure derived can be easily extended to encompass it. A model-dependence
remains then in the relative size of the y and y′ weights in Table 10.1. An example is
the MCHM14−14−10 scenario [32] in which different sets of {n,m} values are involved
in generating the top mass, while the bottom mass only requires set {n,m} =
{1, 0}. The cases of single and of multiple Yukawa operators contributing to a given
mass will be further considered explicitly below. We focus in what follows on the
top Yukawa coupling unless otherwise explicitly stated, while the conclusions to be
obtained are easily generalized to all light fermions.
Polar coordinates
In order to derive the benchmark bosonic Lagrangian it is convenient to rewrite the
scalar degrees of freedom in polar coordinates:
σ = ρ cϕ , (10.6)
H = 1√
2
ρ U sϕ , (10.7)
with cϕ ≡ cosϕ/f , sϕ ≡ sinϕ/f , and U(x) is the GB matrix. In this notation the
scalar Lagrangian in Eq. (10.1) reads
Ls = 12∂µρ ∂
µρ+ ρ
2
2f 2
[
∂µϕ∂
µϕ− f
2
2 s
2
ϕ〈VµVµ〉
]
− λ(ρ2− f 2)2−αf 3ρ cϕ + βf 2ρ2s2ϕ,
(10.8)
where 〈 〉 denotes the trace and Vµ = (DµU)U† as in Eq. (5.12). The effective top
Yukawa operator in Eqs. (10.3), (10.4) is then given by
y0t O(n,m)Yuk,t =
y0t√
2
(q¯LUP+qR)ρ
(
ρ
f
)n+2m
cnϕs
2m+1
ϕ . (10.9)
Note that the right-handed SM fermions have been gathered in a SU(2)R doublet,
labeled by qR ≡ (tR, bR) in order not to confuse with the heavy fermions Q shown
in Eq. (8.34). P+ = diag(1, 0) and P− = diag(0, 1) are the projectors onto the
up-type and down-type, respectively, right-handed SM fermions.
The ρ and ϕ fields will develop vevs,
ρ→ ρ+ 〈ρ〉, ϕ→ h+ 〈ϕ〉 . (10.10)
At the minimum of the potential the ϕ field corresponds to
cos
(〈ϕ〉
f
)
= − α2β
(
1 + β2λ
)−1/2
. (10.11)
The connection between the vevs of the fields in the linear and polar parametriza-
tions is
〈ρ〉 =
√
〈σ〉2 + 2〈H〉2, 〈ϕ〉 = f tan−1
(√
2〈H〉
〈σ〉
)
. (10.12)
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Now the radial field ρ will take the role of the heavy scale, previously taken by the
σ scalar. Indeed, mρ = mσ, exactly, as expected for a physical observable; while the
physical Higgs h corresponds now to the excitation of the ϕ field; see Eq. 10.10.
Finally, as the pure gauge Lagrangian Lg and the weak coupling to fermions are not
modified, the coefficient of the Wµ mass term in Eq. (10.8) allows to identify the
electroweak scale v in terms of the Lagrangian parameters:
v2 = 〈ρ〉2 sin2
(〈ϕ〉
f
)
. (10.13)
Expansion in 1/λ
The scalar quartic coupling λ can be conventionally traded by the ρ mass, given by
m2ρ ' 8λf 2 for negligible α and β, see Eq. (8.19). The non-linear model would be
recovered in the limit mρ  f ; that is, λ→∞. Varying the ρ mass (i. e., λ) allows
to sweep from the regime of perturbative ultraviolet completion to the non-linear
one assumed in models in which the Higgs particle is a low-energy remnant of some
strong dynamics; which is the limit we want to explore in the following.
The exact equation of motion for ρ reads
ρ− ρ
f 2
[
∂µϕ∂
µϕ− f
2
2 s
2
ϕ〈VµVµ〉
]
+ 4λρ(ρ2 − f 2) + αf 3cϕ − 2βρf 2s2ϕ
+ (n+ 2m+ 1)
(
y0t√
2
q¯LUP+qR + h.c.
)
cnϕs
2m+1
ϕ
(
ρ
f
)n+2m
= 0, (10.14)
where  ≡ ∂µ ∂µ. In a 1/λ expansion, the ρ field can be expressed as
ρ ≡ ρ0 + ρ1/λ+ ρ2/λ2 + . . .
where the leading terms are given by
ρ0 = f, (10.15)
ρ1 =
f
4
[ 1
2f 4∂µϕ∂
µϕ− 14f 2 〈VµV
µ〉s2ϕ −
1
2αcϕ + βs
2
ϕ
− (n+ 2m+ 1)2f 3
(
y0t√
2
q¯LUP+qR + h.c.
)
cnϕs
2m+1
ϕ
]
, (10.16)
and subsequent ones can be written as polynomial functions of ρ1. Substituting
these in Eq. (10.8) yields the 1/λn Lagrangian corrections,
L = L0 + L1/λ+ L2/λ2 + . . . , (10.17)
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where the different terms in this equation are given by
L0 =12∂µϕ∂
µϕ− f
2
4 〈VµV
µ〉s2ϕ − αf 4cϕ + βf 4s2ϕ −
fy0t√
2
q¯LUP+qRcnϕs2m+1ϕ , (10.18)
L1 =4f 2ρ21, (10.19)
L2 =12(∂µρ1)
2 + ρ
2
1
2
[
αf 2cϕ +
(
1− (n+2m)2
)(fy0t√
2
q¯LUP+qR + h.c.
)
cnϕs
2m+1
ϕ )
]
.
(10.20)
L0 coincides with the leading-order Lagrangian for the scalar sector of the minimal
composite Higgs model [30], as expected. The expressions obtained for L1 and L2
are remarkably compact and a similar pattern holds for higher orders in 1/λ.
The maximum number of derivatives of Ln is 2+2n, although not all 2+2n derivative
operators are generated at order n. The ordering in which the operators appear
is akin to the power counting of non-linear Higgs effective theory [100, 129, 130,
135].
Eqs. (10.16) and (10.19) suggest interesting correlations between operators involv-
ing the Higgs boson, gauge bosons and fermions. In particular, operators such
as (∂µh)2ψ¯ψ or 〈VµVµ〉ψ¯ψ, where ψ denotes a generic fermion, are weighted by
the fermion mass and also bear a dependence on the SM embedding into SO(5),
parametrized by the set {n,m} in Eq. (10.9). From those equations emerges the
low-energy effective Lagrangian in terms of SM fields at a given order in 1/λ,
Leff = Lg + Lkinf,SM +
∑
i
PiFi(ϕ), (10.21)
where the first two terms in the right-hand side contain respectively the kinetic
terms for gauge bosons and fermions as in Eqs. (10.1) and (10.2), and the index
i runs over all operator labels and coefficient functions Fi(ϕ) in Table 10.2. The
table collects all couplings corresponding to two and four “derivatives", where plain
derivatives and gauge boson insertions are counted with equal weight; since they
come together in the covariant derivative.
We have found that, up to first order in the linear corrections, the benchmark
effective Lagrangian is determined to be composed of ten operators, five of them
bosonic and the rest fermionic‡, including that responsible for Yukawa couplings.
The coefficients of those operators are not free but intimately correlated by the
coefficient functions explicitly determined in this work, and shown in the table.
Among the couplings which first appear at O(1/λ), three bosonic operators are
singled out in the SO(5)-invariant limit (α = β = 0, massless SM fermions): P6,
P20 and PDH . The two latter ones involve multiple Higgs insertions and are out of
present experimental reach; while the strength of P6, which involves vertices with
four gauge bosons, is already tested directly by data, although the present sensitivity
is very weak [214,215]§.
‡For fermionic operators only the generic Lorentz and flavor structures are made explicit, being
trivial their decomposition in terms of different flavors.
§These bounds can be translated for instance in mρ & 70 GeV for f ≈ 600 GeV.
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Operators involving SM fermions have an implicit dependence on the symmetry-
breaking terms in the Lagrangian. Most interestingly, the corresponding Fi(ϕ) co-
efficients, written as a function of the {n,m} parameters, allow to differentiate the
expected impact of different fermionic ultraviolet completions in the literature.
The gauge field dependence is present only through powers of 〈VµVµ〉, consistent
with its exclusively scalar covariant derivative origin, see Eq. (10.8). Other chiral-
invariant Lorentz contractions such as 〈VµVν〉2 would be loop-induced, and thus
expected to be subleading.
The scalar functions Fi(ϕ) obtained are in agreement with those derived in Ref. [213]
in the SO(5) invariant limit, for the subset of operators identified here as bench-
marks; see their Eqs. (2.5)-(2.8). In addition, Table 10.2 also shows the leading
deviations due to the presence of the explicit SO(5)-breaking parameters α and
β.
Impact on Higgs observables
Bosonic sector
From Eqs. (10.18) and (10.19), the potential reads
V
f 4
= αcϕ − βs2ϕ −
1
16λ
(
αcϕ − 2βs2ϕ
)2
+O
( 1
λ2
)
, (10.22)
with minimum at cos
( 〈ϕ〉
f
)
' − α2β
(
1− β4λ
)
; see Eq.(10.11). The kinetic energy of
the physical Higgs excitation h (see Eq. (10.10)) gets then a correction given by
1
2
(
1 + β2λ
)
∂µh ∂
µh , (10.23)
which is reabsorbed by a field redefinition
h→ (1 + Zh)h , with Zh = − β4λ . (10.24)
The renormalization of the scalar sector can be made in terms of four observables
as in Sect. 8.1, with mρ = mσ and the mixing is substituted by the modification to
the Higgs coupling to the EW gauge bosons:
GF ≡ (
√
2v2)−1, mh, κV , mρ (10.25)
Γ(h→ WW ∗) ≡ ΓSM(h→ WW ∗)κ2V . (10.26)
The masses of the heavy and light resonances are given in (8.17), with the expressions
in the limit of small SO(5) explicit breaking, |β|/4λ  1, given in (8.19). In the
non-linear limit λ → ∞ the ρ field decouples from the spectrum and the scalar
sector depends on just three renormalized parameters. It is now possible to foresee
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the impact of the linear corrections in terms of mass dependence. Precisely because
large λ implies large mρ, dimensional arguments suggest the equivalence
1
λ
⇒ m
2
h
m2ρ
' β4λξ , (10.27)
as expansion parameter, see Eq. (8.19). In other words, the linear corrections are
expected to be proportional to the two small parameters β and ξ and thus doubly
suppressed.
A departure from 1 of the Higgs coupling to the vector bosons, given by κV (see
Eq. (10.26)), is generically expected. This is encoded, from Eqs. (10.17)-(10.20) at
order 1/λ, in the operator PC in table 10.2 and reads
LhV V = −
(
1
2
√
1− ξ + β8λ
(2− ξ)ξ√
1− ξ
)
〈VµVµ〉vh , (10.28)
or in other words
κV =
√
1− ξ + βξ2λ
(1− ξ/2)√
1− ξ . (10.29)
Assuming for illustrative purposes O(ξ) ∼ O(1/λ) and expanding up to second order
in these parameters, the result simplifies to
κV '
√
1− ξ + βξ2λ. (10.30)
The first term on the right-hand side of this equation is the well-known correc-
tion present in non-linear scenarios [30], while the second term encodes the linear
correction linked to the scale of ultraviolet completion, which in terms of physical
parameters we predict to be given by
κ2V ' 1− ξ + 4
m2h
m2ρ
, (10.31)
where Eq. (10.27) has been used. Higher order corrections are expected to be very
small, as they will originate from operators with at least 4 derivatives. For instance,
the first extra tree-level contribution to κV is order 1/λ2, from the operator P7 in
table 10.2:
δκ2V '
1
2
√
2GF
m2h
m4ρ
. (10.32)
Fermionic sector
Consider first the case in which the fermion mass is generated by a single Yukawa
operator O(n,m)Yuk,f (see Eqs. (10.4) and (10.5)). From the Lagrangian in Eqs. (10.17)-
(10.20), and more specifically from the Yukawa operator in the third line of Ta-
ble 10.2, an expression for the fermion mass follows after applying Eqs. (10.10)
and (10.24):
LYukf ⊃ −mf f¯LfR + h.c.,
mf ' y
0
f√
2
f
√
ξ (1− ξ)n/2ξm
(
1 + n 1
ξ(1− ξ)
m2h
m2ρ
)
.
(10.33)
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The renormalization scheme is now enlarged to the fermion sector choosing as ob-
servables precisely the fermion masses. The prediction that follows for the Higgs
coupling to a given fermion f,
Lhff ≡ −ghff h f¯LfR + h.c. , (10.34)
takes then the form
ghff ' y
0
f√
2
(1− ξ)n−12 ξm
{
(1 + 2m)(1− ξ)− nξ + β
ξ(1− ξ)
m2h
m2ρ
× (10.35)
×
[
(1 + 2m+ n)ξ(1− ξ)(2− ξ) + n (1 + 2m(1− ξ)− nξ)
]}
.
Encoding the deviations with respect to the SM expectations through the conven-
tional κf parameter,
κf ≡ ghff/gSMhff , (10.36)
where gSMhff = mf/v, we find the following somewhat lengthy expression for κf up to
order 1/λ:
κf ' (1 + 2m)(1− ξ)− nξ√1− ξ + (2 + 4m+ 3n)
m2h
m2ρ
, (10.37)
where once again Eq. (10.27) has been used. It is straightforward to check that the
first term on the right-hand side of this equation reproduces well-known κf results
for different models in the literature, which assume a non-linear realization. The
second term gives instead the leading linear corrections. For instance, this equation
leads to the following results for the MCHM5−1−1 (corresponding to n = m = 0 in
our parametrization) and MCHM5 (corresponding to n = 1, m = 0):
κ
MCHM5−1−1
f '
√
1− ξ + 2m
2
h
m2ρ
, κMCHM5f '
1− 2ξ√
1− ξ + 5
m2h
m2ρ
. (10.38)
obtaining again at order 1/λ a correction doubly suppressed as proportional to both
β and ξ (see Eq. (10.27)).
The cases mentioned above correspond to situations in which only one effective
Yukawa interaction arises. However, there are cases in which more than one Yukawa
operators can appear; see Table 10.1. To illustrate what happens in this case, let us
consider now a setup in which a given fermion mass corresponds to the combination
of several SO(5) invariant Yukawa operators:
LYukf = − c(n,m)O(n,m)Yuk,f + · · ·+ h.c., (10.39)
where c(n,m) are related to the generators of SO(5) and the fermion embedding in a
given model. The procedure is still quite straightforward. The fermion mass will be a
sum of contributions similar to that in Eq. (10.33), weighted by the coefficients c(n,m),
and a similar combination protocol will apply to the obtention of the fermion-Higgs
coupling ghff and thus κf . As an example, consider the MCHM14−14−10 scenario [32],
in which the third family quark doublet and the right-handed top are embedded each
in a 14-plet of SO(5), denoted by QL and UR, respectively; while the right-handed
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bottom is included in a 10-plet representation denoted by DR. Two SO(5) invariant
operators [32] contribute in this case to the top quark mass:
yuφ
†Q¯LURφ− y˜u(φ†Q¯Lφ)(φ†URφ)→ 3yuO(1,0)Yuk − y˜u
(
2O(1,1)Yuk − 8O(3,0)Yuk
)
, (10.40)
leading to
κ
MCHM14−14−10
t '
yu(3− 6ξ) + 2y˜u(4− 23ξ + 20ξ2)√
1− ξ (3yu + 2y˜u(4− 5ξ)) +
15y2u + 32y˜u(8y˜u − 3yu)
(8y˜u − 3yu)2
3m2h
m2ρ
.
(10.41)
On the other hand, in this example only one effective Yukawa operator contributes
to the bottom quark mass,
ydφ
†Q¯LDRφ→ ydO(1,0)Yuk , (10.42)
and consequently
κ
MCHM14−14−10
b '
1− 2ξ√
1− ξ +
5βξ
4λ '
1− 2ξ√
1− ξ +
5m2h
m2ρ
. (10.43)
Again, all O(1/λ) corrections considered above show the double suppression in ξ
and β, which is equivalent to a m2h/m2ρ suppression factor (Eq. (10.27)).
10.2. Explicit fermion sector
In the previous section, the heavy fermion sector was assumed to be integrated out
from the start; while the corrections due to the heavy scalar singlets were explored.
In this section we start instead with a complete (bosons plus fermions) renormal-
izable model, so as to estimate the impact of a fermionic ultraviolet completion
beyond that related to the effective Yukawa couplings discussed above. The low-
energy effective Lagrangian made out of SM fields is then explicitly determined up
to the leading corrections stemming from the heavy scalar and fermion sectors, up
to O(1/λ) ∼ O(m2h/m2ρ) and O(f/Mi), respectively; whereMi denotes generically
the heavy fermion masses.
We use now a fermionic Lagrangian
Lf = Lkinf + LYukf , (10.44)
where Lkinf contains now kinetic terms for all fermions, light and heavy, and the
fermion mass Lagrangian denoted by LYukf that needs to be specified for a particular
ultraviolet fermion completion.
In particular, let us analyze the model described in Chapter 8 and 9. The fermion
fields are shown in (8.34); while the complete fermionic Lagrangian can be seen in
Eqs. (8.35) and (8.36). That particular choice of heavy fermion representations is
equivalent to an MCHM5−1−1 scenario, and thus to the effective Yukawa operator
O(n,m)Yuk,f in Eqs. (10.4) and (10.5) with {n,m} = {0, 0} (see entry 5 − 1 in the first
row of Table 10.1).
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Coefficient Leading Order in f/Mi
ZqL
(
1 + Λ
2
1
M25
+ Λ′
2
1
M ′25
)
ZtR
(
1 + Λ
2
2
M25
+ Λ
2
3
M21
)
ZbR
(
1 + Λ′
2
2
M ′25
+ Λ′
2
3
M ′21
)
Table 10.3: Table with the definitions for the renormalization factors.
Integrating out only the heavy fermions
Let us integrate out only the heavy BSM fermions of the model, so we can provide
here with a basis relevant for a regime in which Mi  mσ  v; where Mi is
defined as a generic heavy fermion mass scale associated with the mass generation
mechanism of a given SM fermion. For instance, for the top quark, M1 ∼ M5 ∼
Λ1 ∼ · · · ∼ Mt (see Eq. (8.35)). Assuming this scale to be larger than f , f/Mi is
a good expansion parameter. In what follows we will thus assume f/Mi  1 for
simplicity, and Λi ≈Mi.
The procedure to integrate the heavy fermions out is actually quite lengthy; so only
the resulting mass-dimension (d) 4, 5 and 6 effective operators and their coefficients
are summarized here. For energies E <Mi, the effective Lagrangian describing the
d ≤ 6 interactions of fermions with gauge and scalar fields can be written as
Leff = q¯Li /D qL + t¯Ri /D tR + b¯Ri /D bR +
∑
i
ciOi , (10.45)
where the set {Oi} includes operators of dimension four (for which the induced
coefficients are the leading contributions to the top and bottom Yukawa couplings),
five and six.
The kinetic energies for the light fermion fields get contributions which require wave
function renormalization in order to be canonically normalized:
qL → Z−1/2qL qL , (10.46)
qR →
(Z−1/2tR 0
0 Z−1/2bR
)(
tR
bR
)
, (10.47)
where Z−1/2tR and Z−1/2bR are given in Table 10.3.
The operators obtained and their coefficients resulting after those redefinitions, at
leading order in f/Mi, are shown in Table 10.48, where the following definitions
have been used,
(H†i←→D µH) ≡ i
(
H†(−→DµH)− (H†←−Dµ)H
)
,
(H†i←→D iµH) ≡ i
(
H†τ i(−→DµH)− (H†←−Dµ)τ iH
)
.
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Interestingly, the coefficients for operators (H†i←→D µH)(t¯RγµtR), (H†i←→D µH)(b¯RγµbR)
and i(H˜†DµH)(t¯RγµbR) were found to vanish.
It is important to note that when writing Eq. (10.45) and Table 10.48 the scalar
fields are emphnot shifted by their vevs; which introduces the following subtlety.
Let us consider for instance the top and bottom quark masses corresponding to the
first two operators in the table, which are their respective Yukawa couplings. When
the Higgs field gets a vev, mass terms for them are generated. However, additional
contributions to the light quark masses can originate from the next six operators
in the list, for σ = 〈σ〉 and H = 〈H〉. The corrections induced in the top and
bottom mass are of higher order in f/Mi, though, and do not need to be retained
when working at leading order. Finally, the expressions for the light fermion masses
are:
mt =
v√
2
(
y1Λ1Λ3
M1M5
)
1√(
1 + Λ
2
1
M25
+ Λ′
2
1
M ′25
) (
1 + Λ
2
2
M25
+ Λ
2
3
M21
)
(
1 +O
(
f
Mt
))
,
mb =
v√
2
(
y′1Λ′1Λ′3
M ′1M ′5
)
1√(
1 + Λ
2
1
M25
+ Λ′
2
1
M ′25
) (
1 + Λ′
2
2
M ′25
+ Λ′
2
3
M ′21
)
(
1 +O
(
f
Mb
))
.
The same reasoning applies to other couplings. For example the fermion-σ coupling
via the Otσ1 operator would get corrections proportional to ctσ2〈σ〉 (see Table 10.48),
which are of higher order in the f/Mi expansion, and can thus be also disregarded
when restraining to the leading contributions.
Integrating out only the heavy scalar
Above, we have integrated out only the heavy fermions, determining then the effec-
tive Lagrangian made out of SM fields plus the singlet scalar present in the minimal
SO(5) sigma model.
Let us now start by integrating out only the heavy scalar; so it is possible in the
end to check whether he final low-energy effective Lagrangian made out only of SM
fields is independent of the order in which the limits (heavy scalar and heavy BSM
fermions) are taken.
Using polar coordinates and integrating out the radial mode ρ does not bring any
novel complication with respect to the procedure carried out in Sect. 10.1, except
for lengthier expressions. LYukF can be compactly written prior to any integration
procedure as
LYukF = −
[
ρ
(
sϕOFs + cϕOFc
)
+ Λ1q¯LQR + Λ′1q¯LQ′R
+ Λ2T¯ (5)L tR + Λ3T¯
(1)
L tR + Λ′2B¯
(5)
L bR + Λ′3B¯
(1)
L bR + h.c.
]
, (10.48)
where OFs and OFc are heavy fermion bilinears corresponding to the first four lines
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in Eq. (8.36):
OFs = −
1√
2
[
y1
(
X¯LUe−T (1)R + Q¯LUe+T
(1)
R
)
+ y2
(
T¯
(1)
L Ue−XR + T¯
(1)
L Ue+QR
)
+ y′1
(
X¯ ′LUe+B
(1)
R + Q¯′LUe−B
(1)
R
)
+ y′2
(
B¯
(1)
L Ue+X ′R + B¯
(1)
L Ue−Q′R
) ]
, (10.49)
OFc = −
1√
2
[
y1T¯
(5)
L T
(1)
R + y2T¯
(1)
L T
(5)
R + y′1B¯
(5)
L B
(1)
R + y′2B¯
(1)
L B
(5)
R
]
, (10.50)
where e+ = (1, 0) and e− = (0, 1).
Considering next the limit of very large scalar mass mρ (i.e. λ→∞), the effective
Lagrangian at O(1/λ) takes again the form in Eq. (10.19), with ρ1 showing now an
explicit dependence on the heavy fermion spectrum:
ρ1 =
f
4
[
1
2f 4∂µϕ∂
µϕ− 14f 2 〈VµV
µ〉s2ϕ −
1
2αcϕ + βs
2
ϕ
−
{
1
2f 3O
F
c cϕ +
1
2f 3O
F
s sϕ + h.c.
}]
,
(10.51)
where the structures bearing the contributions from heavy BSM fermions are:
− 18λf 3∂µϕ∂
µϕ
(
OFc cϕ +OFs sϕ
)
,
1
16λf 〈VµV
µ〉s2ϕ
(
OFc cϕ +OFs sϕ
)
,
1
16λf 2
(
OFc cϕ +OFs sϕ
)2
.
(10.52)
Combining the two limits
In order to obtain the final effective Lagrangian, one can either integrate out the
BSM fermions in (10.52), or integrate out the ρ scalar in the operators of Table 10.48;
after redefining the fields in terms of the polar ones. Since we are only interested in
the dominant corrections from heavy fermions; the contributions from the dimension
six operators in Table 10.48 will be disregarded.
Either way or another we obtain five effective operators up to first order in 1/λ
and f/Mi; as is shown in Table 10.5. The aiσ1 operator coefficients of the f/Mi
corrections are expected to be O(1). They are a redefinition of the ciσ operator
coefficients in Table 10.48 so as to extract explicitly the f/Mi dependence:
ciσ1 → y0t atσ1/Mt. (10.53)
The exact expressions for ciσ for the fermion model discussed here can be found in
Table 10.48.
Regarding the impact on observables, it is found that, at tree level, the heavy
fermions have no effect on the gauge-Higgs coupling and κV is still given by Eq. (10.29).
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Operator Fi(ϕ)
PYuk v(q¯iLUP±qiR) − y
0
t√
2ξ
sϕ
[
1− 18λ(αcϕ − 2βs
2
ϕ)− 2
f
Mia
i
σ1cϕ
]
Pqh (∂µh)2 (q¯iLUP±qiR) − y
0
i
8
√
2λf3
sϕ
(
1− 2 fMia
i
σ1cϕ
)
PqV 〈VµVµ〉(q¯iLUP±qiR) y
0
i
16
√
2λf
sϕ
(
1− 2 fMia
i
σ1cϕ
)
P4q (q¯iLUP±qiR) (q¯jLUP±qjR) (2− δij)
y0i y
0
j
32λf2 s
2
ϕ
[
1− 2
(
aiσ1
f
Mi + a
j
σ1
f
Mj
)
cϕ
]
P4q′ (q¯iLUP±qiR)
(
q¯jRP±U†qjL
)
(2− δij)
y0i y
0
j
32λf2 s
2
ϕ
[
1− 2
(
aiσ1
f
Mi + a
j
σ1
f
Mj
)
cϕ
]
Table 10.5: Effective operators, up to order f/Mi and 1/λ, after integrating out the
radial mode ρ and the heavy fermions in a UV realization of partial compositeness.
The coefficients afσ1, with f = t, b can be found in Table 10.48; see Eq. 10.53. The
Hermitian conjugate should be included for all operators here. As done above, the
Higgs field h is defined as the excitation of the field ϕ (see Eq. (10.10)).
The coupling to top quarks, on the contrary, receives fermionic contributions from
the first operator in Table 10.5:
κt =
√
1− ξ + 2 m
2
h
m2ρ
+ atσ1
f
Mt ξ + . . . (10.54)
The leading heavy fermion corrections ∼ ξf/Mt, are also found to be doubly sup-
pressed, like the bosonic ones in ∼ βξ/(2λ). It is important to note, though, that
the tree-level fermionic contributions found may be larger than those induced by
the scalar sector if f/Mt > β/λ. This may be of special importance for the top
quark since the top partners should not be too heavy in order not to generate a new
hierarchy problem.
In the limit f/Mi → 0, the operators in Table 10.5 coincide as expected with the
fermion-Higgs and four fermion operators given previously in Table 10.2 using the
effective Yukawa operator O(0,0)Yuk .
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Chapter 11
Baryon non-invariant couplings in Higgs
effective field theory
The reason why baryon number violating (BNV) processes are considered relevant
is because they offer the possibility to tackle the matter-antimatter asymmetry in
our universe [216–218]; which cannot be explained within the SM. Nevertheless, no
BVN effects have been observed so far; despite the numerous experimental searches
on decays of hadrons, heavy fermions, Z boson and nucleons. The latter provides
the most stringent constraints [41].
As an example of the impact of a non-linearly realized EWSB sector on new physics
for baryon number violating processes, we present in this chapter the construction of
the complete basis of operators violating at first-order baryon and lepton numbers,
within the HEFT expansion [219].
The first attempts towards the description of an EFT for BNV processes were done
in within the SMEFT framework, and go back to the late 1970’s [220–223]; but is
also contained in a few more recent studies [136,137,224]. At the lowest order in the
expansion in the cut-off of the theory suppressing the operators, 1/ΛB, four BNV
independent non-renormalizable structures of canonical dimension d = 6 with the
SM particle content were identified
O1 = d¯CRαuRβ Q¯CLγiLLj ij αβγ ,
O2 = Q¯CLiαQLjβ u¯CRγeR ij αβγ ,
O3 = Q¯CLiαQLjβ Q¯CLγkLLl il kj αβγ ,
O4 = d¯CRαuRβ u¯CRγeR αβγ ,
(11.1)
where here we chose the notation such that QL ≡ (uL, dL)T , LL ≡ (νL, eL)T , uR,
dR and eR are the SM fermions; αβγ and ij are the antisymmetric tensors for the
color and weak isospin contractions, respectively. Only one generation of fermions
is considered. Moving to the three generation case does not require the introduction
of additional structures, but only to insert explicitly flavor indices on the fermion
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fields. In addition, if RH neutrinos, NR, are also considered, the set is extended by
two operators:
O5 = Q¯CLiαQLjβ d¯CRγNR ijαβγ ,
O6 = u¯CRαdRβ d¯CRγNR αβγ.
(11.2)
The operators in Eqs. (11.1) and (11.2) preserve B − L with ∆B = +1 = ∆L;
so they can be related to baryon decay processes into an anti-lepton and a meson.
The constraints on the proton lifetime [225–227] translate into a lower bound on
the cut-off ΛB of about 1015 GeV, independently of the specific flavor contraction
that can be considered for each operator. On the contrary, when a flavor symmetry
is considered, such as the so-called Minimal Flavor Violation (MFV) ansatz in its
global [228–236] or gauged [237–243] versions, the scale ΛB can be lowered, but still
it will be much larger than the EW scale.
11.1. The BNV HEFT Lagrangian
One could expect that the basis of BNV operators introduced in Eqs. (11.1) and
(11.2) will not be modified in the HEFT framework, as they are purely fermionic.
Indeed, these six operators appear again simply rewritten in terms of SU(2)L and
SU(2)R fermion doublets. However, the fact that the GB matrix U and T are adi-
mensional allows to construct additional independent structures also with canonical
dimension d = 6, bearing interactions that appear at higher orders in the SMEFT;
as it will be discussed below.
In short, the set of BNV operators within the HEFT formalism, at the first order
in the expansion on ΛB, consists of 12 independent structures:
R1 = Q¯CLiαQLjβ Q¯CLkγLLl il kj αβγ F1(h),
R2 = Q¯CLiαQLjβ Q¯CLkγ(TLL)l il kj αβγ F2(h),
R3 = Q¯CRiαQRjβ Q¯CRkγLRl il kj αβγ F3(h),
R4 = Q¯CRiαQRjβ Q¯CRkγ(U†TULR)l il kj αβγ F4(h),
R5 = Q¯CRiαQRjβQ¯CLkγLLl ij kl αβγ F5(h),
R6 = Q¯CRiαQRjβQ¯CLkγ(TLL)l ij kl αβγ F6(h),
R7 = (Q¯CRαUt)i(TUQRβ)jQ¯CLkγLLl il kj αβγ F7(h),
R8 = (Q¯CRαUt)i(TUQRβ)jQ¯CLkγ(TLL)l il kj αβγ F8(h),
R9 = Q¯CLiαQLjβQ¯CRkγLRl ij kl αβγ F9(h),
R10 = Q¯CLiαQLjβQ¯CRkγ(U†TULR)l ij kl αβγ F10(h),
R11 = (Q¯CLαU∗)i(U†TQLβ)jQ¯CRkγLRl il kj αβγ F11(h),
R12 = (Q¯CLαU∗)i(U†TQLβ)jQ¯CRkγ(U†TULR)l il kj αβγ F12(h) .
(11.3)
All the operators in this list have canonical mass dimension d = 6 and therefore
are suppressed by Λ2B. When ignoring RH neutrinos, the number of independent
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operators reduces to 9. In particular, R4, R10 and R12 turn out to be vanishing
or redundant with respect to the other structures. Among these 12 operators, 4
structures preserve custodial symmetry: R1, R3, R5 and R9. Indeed, they do not
contain the custodial spurion T.
The basis has structures that can be classified into four distinct classes: schemat-
ically, QLQLQLLL (LLLL), QRQRQRLR (RRRR), QLQLQRLR (LLRR) and
QRQRQLLL (RRLL). Notice also that all the operators can be written in terms of
Lorentz scalar currents, being the other type of contractions vanishing or redundant
via Fierz identities. Finally, it is worth stressing all the operators preserve B − L
(see next section for a detailed discussion on this).
11.2. Comparison with the SMEFT
In this section we compare the list of operators obtained within the HEFT framework
with the BNV SMEFT operators in Eqs. (11.1) and (11.2). This serves as an example
of various of the differences between linear and non-linear bases in Sect. 5.4.
First of all, the HEFT basis contains a larger number of structures (twelve) than
the SMEFT one (only six). In both cases the operators have canonical dimension
6 and are thus suppressed by 1/Λ2B. As it has been pointed out a couple of times
already, this is an important characteristic of the HEFT formalism; due to the
adimensionality of T and U. The HEFT operators which do not contain GBs can
be straightforwardly related to the SMEFT set of d = 6 structures:
R1 → O3,
R3 → O4 +O6,
R4 → −O4 +O6,
R5 → −O1,
R9 → O2 −O5,
R10 → −O2 −O5 .
(11.4)
Among these, operators R4 and R10 contain the combination U†TU; but this actu-
ally simplifies to τ3 once using the definition of T in Eq. (5.13). This list shows that
there is a linear correspondence between 6 operators of the HEFT basis and the 6
operators of the d = 6 SMEFT one. The other HEFT operators contain interactions
that can be described by SMEFT operators with dimension 8. An example is the
following:
R2 → Q¯CLiαQLjβQ¯CLkγ
[(
Φ˜Φ˜† − ΦΦ†
)
LL
]
l
ilkj αβγ (11.5)
where the h-independent couplings of the combination Φ˜Φ˜† − ΦΦ† in the unitary
gauge play the same role as the scalar chiral field T in R2. Finally, notice also that
only two combinations of SMEFT operators, O4−O6 and O2 +O5, contain sources
of custodial symmetry breaking; while most operators in Eq. (11.3) are custodial
symmetry breaking (all are custodial violating except for R1, R3, R5 and R9).
Secondly, it is important to note that all the operators in both basis preserve B−L.
In the HEFT formalism this is a consequence of hypercharge invariance. The reason
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for this is that hypercharge can be identified with B−L in theories invariant under
the SU(2)L × SU(2)R symmetry, such as in left-right symmetric models [244, 245].
In these frameworks, because the RH fermions also belong to an SU(2) doublet
representation, and they have the same electric charge as their LH counterparts,
both LH and RH fields must have the same hypercharge, −1 for leptons and 1/3
for quarks, in a given convention. This can be easily seen from the decomposition
of the local transformation under U(1)Y of the LH and RH fermions; which, in a
compact notation, ca be written in terms of (B − L) as:
ψL → ei(B−L)θ(x)ψL
ψR → ei(B−L)θ(x)eiθ(x)τ3ψR , (11.6)
where θ(x) is the hypercharge transformation parameter. Furthermore, the only
source of custodial symmetry breaking we have in this formalism is T; which does
preserve the third component of SU(2)R. Therefore, from Eq. (11.6), since it does
not carry hypercharge, it means it cannot violate (B − L). As a consequence,
since hypercharge must be conserved, the only way to write (B−L) non-conserving
operators will be to introduce new structures, violating transformations under the
third component of SU(2)R; which are not found in conventional HEFT; as it will
be shown in the example just below.
By contrast, in the SMEFT Lagrangian; where hypercharge and B − L are inde-
pendent, it is possible to find B − L non-invariant operators; but it can be proved
these are only found at odd-dimensions; following directly from Lorentz and hy-
percharge invariance [246]. The lowest dimensional example is the lepton number
violating dimension five effective operator (L¯cLΦ˜∗)(Φ˜†LL); known as the Weinberg
operator [247]. As explained in the previous paragraph, different sources of SU(2)R
violation other than T need be considered. For example, it is possible to write the
analog of the Weinberg operator by taking the Pauli matrix σ+ = (σ1 + iσ2)/2;
see [248] and also small discussion in [249]:
(L¯cLU∗)σ+(U†LL) . (11.7)
This operator preserves hypercharge, but violates SU(2)R and lepton number by two
units, as it can be seen by writing explicitly the transformation under hypercharge
of the GB matrix:
U(x)→ U(x)e−iθ(x)τ3 . (11.8)
Notice that this is a three dimensional operator and therefore provides a direct
mass term for the light active neutrinos. In contrast, the Weinberg operator in the
SMEFT is of d = 5 and thus suppressed by a power of the mass scale at which
lepton number is broken. Again, this is another example of the strong impact of
the adimensionality of the GB matrix U with respect to the SU(2)L doublet Higgs
of the SMEFT. In any case, in the rest of this chapter, no other sources of SU(2)R
violation will be considered besideT, consistently with previous studies in the HEFT
context.
In conclusion, as expected, there is not a one-to-one relation between the HEFT
and SMEFT sets of operators. Several correlations typical of the SMEFT are lost
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in the HEFT and that some couplings that are expected to be strongly suppressed
in the SMEFT are instead predicted to be relevant in HEFT. As an example, in the
comparison between the decay rates of the proton and of the neutron: Γ(p→ pi0e+)
and Γ(n → pi0ν¯e), in the d = 6 SMEFT framework, the values of these two ob-
servables are predicted to be exactly the same; while this correlation can be broken
considering d = 8 operators. However, in the HEFT context, the operators R2, R6,
R7, R8, R11, R12 contribute differently to the two decay rates, so no correlation
arises at any order, in general. An experimental discrepancy among these two ob-
servables could then be explained either in terms of the SMEFT, but advocating
d = 8 contributions, or in terms of the HEFT Lagrangian. The magnitude of the
discrepancy is what could tell which is the correct description: a relative difference
between the two decay rates larger than about (v2/Λ2B)
2 cannot be compatible with
the d = 8 SMEFT Lagrangian, and instead could well be accounted for in the HEFT
context. At present, the non-observation of the proton decay puts a lower bound
on the ratio ΛB/ci of about 1015 GeV, where ci represents the combination of the
operator coefficients entering the proton decay rate. As a result, this strategy to
disentangle the two frameworks is an interesting feature from the theoretical side,
although experimentally is not viable yet. Moreover, it allows to estimate the or-
der of magnitude of the contributions to these decay rates from the d = 8 SMEFT
operators of about 10−51, with respect to those from the d = 6 ones.
11.3. Flavor contraction counting
So far we have made no reference to the flavor structure of the operators. The
number of independent flavor contractions can be counted directly considering the
symmetries of the operators in Eq. (11.3). Alternatively, one can adopt the Hilbert
series technique. This is a mathematical method from Invariant Theory to count the
number of independent structures invariant under a certain symmetry group (for
recent phenomenology applications see Refs. [250–255]). Basically, this technique
provides a polynomial function whose terms can be matched with the operators
in Eq. (11.3) and the corresponding coefficients count the number of independent
flavor contractions. Although the matching is straightforward in the absence of
scalar fields, as for the BNV HEFT operators considered here, one should be careful
when dealing with structures containing the fields T and U, being necessary to
remove the redundancies due to T2 = 1 and U†U = 1 a posteriori.
Let us consider Nf fermion families and go through the four cases described in
Sect. 11.1; namely LLLL, RRRR, RRLL and LLRR, one by one:
– LLLL: The counting for R1 is N2f (2N2f + 1)/3 and coincides with the one
given in Ref. [224], where it is discussed in terms of flavor representations by
using Young tableaux. The counting of R2 is the same as R1, as T only adds
a flip of sign in the second component of the lepton doublet. When applying
the Hilbert series technique, it seems there are more structures contributing
to these type; but as it is warned above, a few cases with T insertions had to
be subtracted from the total counting by hand for being redundant.
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– RRRR: R3 and R4 counting obviously simply mirrors that of the LLLL case,
so each operator presents N2f (2N2f + 1)/3 flavor contractions. This does not
seem consistent with the results in the SMEFT case (see Refs. [224, 256]),
where the total number of flavor contractions for the RRRR structures, O4
and O6, is 2N4f . This apparent contradiction is easily solved noticing that
the SU(2)R symmetry is still partially preserved in the operators R3 and R4
and prevents part of the possible flavor contractions among four RH singlet
fermions. Indeed, rewriting explicitly the flavor indices a, b, c, d, one gets
Rabcd3 = O{bc}ad4 +O{bc}ad6 ,
Rabcd4 = −O{bc}ad4 +O{bc}ad6 ,
(11.9)
where the brackets should be read as O{ab}cdi ≡ Oabcdi +Obacdi . This shows that
R3 and R4 only contain the flavor symmetric contractions in b and c of the
SMEFT operators. The flavor antisymmetric contractions should instead be
described by two additional structures:
R′3 = Q¯CRiα(U†TUQRβ)j Q¯CRkγLRl il kj αβγ ,
R′4 = Q¯CRiα(U†TUQRβ)j Q¯CRkγ(U†TULR)l il kj αβγ .
(11.10)
These two operators are redundant with respect to R3 and R4 for Nf = 1;
but they should be added to the list in Eq. (11.3) for Nf > 1 (see Ref. [223]
for a similar discussion in the SMEFT). The number of the flavor contractions
of these four RRRR operators sums up to 2N4f ; matching the result in the
SMEFT case.
– RRLL: among these operators, only R5 can be directly related to a d = 6
operator of the SMEFT Lagrangian (see Eq. (11.4)). However, rewriting the
expression for R5, making explicit the flavor indices, one can see that actually
R5 only contains part of the interactions described by O1:
Rabcd5 = −O{ab}cd1 . (11.11)
Similarly, the operatorRabcd6 also contains only the flavor contractions symmet-
ric in a and b. It is therefore necessary to introduce two additional operators
that completely break the SU(2)R structure between the first two SU(2)R
quark doublets in R5 and R6:
R′5 = Q¯CRiα
(
U†TUQRβ
)
j
Q¯CLkγLLl ij kl αβγ F5(h) .
R′6 = Q¯CRiα
(
U†TUQRβ
)
j
Q¯CLkγ(TLL)l ij kl αβγ F6(h) .
(11.12)
Analogously to the previous case, these two structures are redundant with
R5 and R6 for Nf = 1; otherwise they should be added to the basis; since
R′5 and R′6 contain the interactions with the combinations antisymmetric in
a and b. In this way, R5 and R′5 provide altogether all the flavor contractions
of the SMEFT operator O1. On the other hand, the interactions of R6 and
R′6 are described by a d = 8 operator of the SMEFT Lagrangian. Finally, the
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independent structures contained in the two remaining RRLL operators, R7
and R8, read in the unitary gauge
u¯CRαa uRβb d¯
C
Lγc eLdεαβγ , d¯
C
Rαa dRβb u¯
C
Lγc νLdεαβγ , (11.13)
and are non-vanishing only for the combinations antisymmetric in a and b. As
a result, the number of independent flavor contractions for each of these two
operators is N3f (Nf − 1)/2.
– LLRR: the interactions in R9 and R10 are described by linear combinations of
the operators O2 and O5 of the SMEFT Lagrangian; as in Eq. (11.4), and the
number of flavor contractions is N3f (Nf + 1)/2 for each of them; in agreement
with Refs. [224,256]. On the other hand, the counting of the flavor contractions
in R11 and R12 is analogous to the one for their RRLL counterparts, R7 and
R8; that is, N3f (Nf − 1)/2.
As a summary of the previous discussion, the number of flavor contractions can be
summarized for the different operators as follows:
R1 → N2f (2N2f + 1)/3
R2 → N2f (2N2f + 1)/3
R3, R′3 → N4f
R4, R′4 → N4f
R5, R′5 → N4f
R6, R′6 → N4f
R7 → N3f (Nf − 1)/2
R8 → N3f (Nf − 1)/2
R9 → N3f (Nf + 1)/2
R10 → N3f (Nf + 1)/2
R11 → N3f (Nf − 1)/2
R12 → N3f (Nf − 1)/2 .
(11.14)
In brief, this analysis completes previous studies on the HEFT Lagrangian by pro-
viding within that framework the complete set of operators at first-order that are
not invariant under baryon and lepton numbers (but do preserve the B − L com-
bination). A detailed comparison with the SMEFT Lagrangian is also presented,
pointing out a strategy to distinguish between the two approaches. Finally, the
number of independent flavor contractions is also discussed.
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Summary and conclusions
The focus of this thesis was set on the study of the possibility that the Higgs parti-
cle descends from a Goldstone boson, originated in the spontaneous breaking of an
approximate symmetry that would help protect its mass against quantum correc-
tions.
Among the original results of this work, we explored the one-loop off-shell renormal-
ization of the scalar sector of the effective non-linear Lagrangian with a light Higgs
h. The full set of four-derivative custodial-invariant scalar operators required by the
off-shell renormalization of all the 1-, 2-, 3- and 4- point functions involving GBs and
the h particle was determined. The results confirmed that the generic low-energy
effective chiral Lagrangian with a light Higgs previously developed is complete in the
scalar sector, as all the operators stated there (and nothing else) have been found to
be required by the renormalization procedure. All computations were performed in
a general parametrization of the GB matrix, showing that all counterterms induced
by the renormalization procedure are independent of the parametrization chosen,
as physical couplings should be. For completeness, the RGEs for the coefficients of
the obtained counterterms have been computed as well. This could be useful in the
future to compare experimental data at different energies.
Interestingly, performing an off-shell renormalization has also allowed us to identify
chiral non-invariant divergences (NIDs) arising due to the perturbative procedure.
These are shown to have no physical effect, as expected. They extend the set of
NIDs previously found in the non-linear σ model [146] to a set including also the
Higgs particle. We showed that there exists a local field redefinition of the GBs
that allows to absorb all apparently chiral non-invariances, thus proving that chiral
symmetry actually remains unbroken.
As a further step, the renormalization of the HEFT Lagrangian has been performed.
Instead of computing all the possible one-loop diagrams (as it was done in the first
part of this work, regarding the scalar sector of the Lagrangian), we have used the
powerful covariant derivative expansion. Moreover, the Lagrangian is formulated in
terms of a geometric description of scalars in HEFT. As a result, we determine the
complete set of necessary counterterms and the one-loop RGEs for the non-linear
basis.
On a different approach, we developed and analyzed a particular renormalizable
model based on a SO(5)→ SO(4) spontaneous breaking in order to gain insight on
the possible dynamics behind non-linear realizations of EWSB with a light Higgs
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particle. After including the minimal set of counterterms required by the Coleman-
Weinberg effective potential at one-loop, characterized by two arbitrary coefficients,
we give a detailed analysis of the parameter space of the scalar potential in terms of
the mass of the extra scalar, σ, and its mixing with the Higgs particle. In this way,
we have identified the most interesting region for phenomenology, where the Higgs
is a pGB and the hierarchy problem is alleviated. However, while the GB nature of
the Higgs would protect its mass from large corrections, the σ scalar mass would be
unprotected from becoming heavy.
We provide a constraint on the mixing between the h and σ scalars from current LHC
Higgs data: sin2 γ < 0.18 at 2σ. The contributions of scalars and exotic fermions
to precision parameters ∆S and ∆T and the modification of the Zb¯b coupling were
also computed. We find that a not too heavy σ particle is somewhat preferred,
easing the possible tension on S and T from heavy fermions, usually present in the
literature. The translation of the LHC bounds from heavy scalars searches onto the
σ parameter space of our model was also performed. Focusing on the region in which
the Higgs can be considered as having a pGB origin, we found that run-1 LHC data
already set a lower bound on the σ mass of around mσ > 550 GeV.
Finally, the connection with effective field theory is recovered: the heavy scalar mass
allows to sweep from the linear sigma model to the non-linear regime in the heavy
σ mass limit. In this way we determined the benchmark effective Lagrangian from
the SO(5) → SO(4) linear sigma model and also the first linear corrections. The
latter allow to estimate the effect of a linear completion in non-linear implementa-
tions.
The effective benchmark operators found are shown to constitute a reduced set of the
most general basis of bosonic operators for SO(5)/SO(4) theories with no explicit
breaking. In addition, we provide the dominant contributions stemming from the
explicit SO(5) breaking in our model, including the impact from heavy fermions.
This impact is quite model-dependent, unlike the results for the scalar sector. For
this reason, a model-independent approach based on an effective Yukawa interaction
for the light fermions was developed in order to handle the dominant fermionic
effects for different fermion setups. The effective Lagrangian was also derived using
the explicit fermion embedding chosen in our renormalizable model, showing that
the resulting operators match those provided by the corresponding effective Yukawa
operator. Furthermore, the impact on Higgs couplings to EW gauge bosons and SM
fermions, resulting from integrating out the heavy sector, is computed and found to
be rather universal, with the linear corrections appearing to be doubly suppressed:
both by the EW versus GB scales ratio (v2/f 2) and the parameters controlling the
explicit versus spontaneous breakings (β/λ).
As an additional exploration of the possible impact of a non-linear EWSB imple-
mentation, we have constructed, within the HEFT formalism, the basis of baryon
number non-invariant operators, relevant to explain the matter-antimatter asymme-
try of the visible Universe. A detailed comparison with the corresponding operators
in the SMEFT basis is also provided. As usual, the number of operators in HEFT is
found to be larger than in SMEFT at the same order in the expansion. A discussion
on the number of independent flavor contractions is presented as well, considering
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the Hilbert series method to count invariants.
In conclusion, we have provided solid foundation for the choice of NLO effective
operators for a given LO theory in the context of non-linear EWSB, at least from
the point of view of renormalization. Furthermore, the idea of a Higgs particle with
a pGB nature has been studied in a simple renormalizable implementation, which
may be considered as a UV completion by itself, and is also used as a handle to
clarify the interplay between the linear and non-linear regimes.
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Resumen y conclusiones
El objetivo de esta tesis ha sido el estudio de la posibilidad de que la partícula
Higgs descienda de un bosón de Goldstone, originado en la ruptura espontánea de
una simetría aproximada, la cual ayuda a proteger su masa de correcciones cuánti-
cas.
Entre los resultados originales de este trabajo, está el estudio de la renormalización
fuera de la capa de masas a 1 loop del sector escalar del Lagrangiano efectivo no-lineal
para un Higgs ligero h. El conjunto completo de operadores escalares invariantes
bajo simetría custodia de cuatro derivadas requeridos por la renormalización fuera
de la capa de masas de todas las funciones de correlación de 1, 2, 3 y 4 puntos que
involucran BGs y el Higgs h fue determinado. Los resultados confirman que el La-
grangiano quiral efectivo de baja energía genérico con un Higgs ligero desarrollado en
trabajos previos está completo en el sector escalar, dado que todos los operadores
en la base de dichos trabajos (y nada más) son requeridos por el procedimiento
de renormalización. Todos los cálculos fueron realizados en una parametrización
general de la matriz de BGs, mostrando que todos los contra-términos inducidos
por el procedimiento de renormalización son independientes de la parametrización
elegida, tal como deberían ser los acoplos físicos. Por completitud, las EGRs corre-
spondientes a los coeficientes de los contra-términos obtenidos han sido computados
también. Esto podría resultar útil en el futuro para comparar datos experimentales
a diferentes energías.
Curiosamente, realizar una renormalización fuera de la capa de masas también nos ha
permitido identificar divergencias no-invariantes quirales, las cuales aparecen como
consecuencia de aplicar un procedimiento perturbativo. Se muestra que no tienen
consecuencias físicas, como es de esperar. Extienden el conjunto de divergencias no-
invariantes encontradas previamente en el modelo σ no-lineal [146] a un conjunto que
incluye también la partícula de Higgs. Se muestra que existe una redefinición local
de los campos de los BGs que permite absorber todas las no-invariancias quirales, y
por tanto se demuestra que la simetría quiral se mantiene, de hecho, intacta.
Como continuación, se ha realizado la renormalización del Lagrangiano efectivo no-
lineal con un Higgs ligero completo. En lugar de calcular todos los diagramas posibles
a 1 loop (como se hizo en la primera parte de este trabajo para la renormalización
del sector escalar del Lagrangiano), hemos utilizado técnicas funcionales basadas
en una expansión en las derivadas covariantes. Además, se utiliza una descripción
geométrica de los escalares para formular el Lagrangiano efectivo. Como resultado,
hemos determinado el conjunto completo de contra-términos necesarios y las EGRs
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a 1 loop para la base no-lineal.
De manera complementaria, hemos desarrollado y analizado un modelo renormaliz-
able particular basado en una ruptura espontánea SO(5) → SO(4) para entender
mejor la dinámica subyacente a las realizaciones no-lineales de la RESE con una
partícula de Higgs ligera. Tras incluir el conjunto mínimo de contra-términos re-
queridos por el potencial efectivo de Coleman-Weinberg a 1 loop, caracterizados por
dos coeficientes arbitrarios, mostramos un análisis detallado del espacio de parámet-
ros del potencial escalar en términos de la masa del escalar extra, σ, y su mezcla
con el Higgs. De esta manera, hemos identificado la región más interesante para la
fenomenología, donde el Higgs es un pBG y el problema de la jerarquía es aliviado.
Sin embargo, aunque la naturaleza GB del Higgs podría proteger su masa de grandes
correcciones, el escalar σ estaría desprotegido frente a volverse pesado.
Encontramos una cota para el ángulo de mezcla entre los escalares h y σ a partir
de los datos actuales para el Higgs del LHC: sin2 γ < 0.18 a 2σ. Las contribu-
ciones de escalares y fermiones exóticos a los parámetros de precisión ∆S y ∆T y la
modificación del acoplo Zb¯b también han sido computadas. Se encuentra que una
partícula σ no demasiado pesada es preferida, aliviando la posible tensión en S y T
de los fermiones pesados, típicamente presente en la literatura. La traducción de los
límites del LHC de búsquedas de escalares pesados sobre el espacio de parámetros
del σ de nuestro modelo también ha sido realizada. Centrándonos en la región en la
que el Higgs puede ser considerado como pBG en origen, encontramos que los datos
obtenidos en el run-1 del LHC ya establecen un límite inferior en la masa del sigma
en torno a mσ > 550 GeV.
Finalmente, recuperamos la conexión con la teoría efectiva de campos desde el mod-
elo. La masa del sigma permite hacer un barrido del modelo sigma lineal al régimen
no-lineal en el límite de masa muy pesada. De esta manera determinados el La-
grangiano efectivo de referencia desde el modelo sigma lineal SO(5)→ SO(4) junto
con las primeras correcciones lineales. Esto último permite estimar el efecto en
implementaciones no-lineales de un modelo lineal que las complete en el ultravio-
leta.
Los operadores efectivos encontrados constituyen un conjunto reducido de la base
más general de los operadores bosónicos para teorías SO(5)/SO(4) sin ruptura ex-
plícita de la simetría. Adicionalmente, proveemos las contribuciones dominantes que
vienen de la ruptura SO(5) explícita en nuestro modelo, incluyendo el impacto de
los fermiones pesados. Este impacto es bastante dependiente del modelo, no así los
resultados del sector escalar. Por esta razón, un enfoque independiente del modelo
basado en una interacción de Yukawa efectiva es desarrollada para así estudiar los
efectos dominantes para diferentes configuraciones de fermiones en la literatura. El
Lagrangiano efectivo fue también derivado utilizando fermiones en las representa-
ciones particulares elegidas en nuestro modelo renormalizable, mostrando que los op-
eradores resultantes coinciden con aquellos calculados a partir del operator Yukawa
efectivo correspondiente. Además, ha sido calculado el impacto en los acoplos del
Higgs a bosones gauge ED y fermiones del ME, resultantes de integrar el sector
pesado. Este resultó ser bastante universal, con las correcciones lineales que apare-
cen suprimidas doblemente: tanto por el ratio de escalas ED vs. BG (v2/f 2) como
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por el ratio entre los parámetros que controlan la ruptura explícita vs. espontánea
(β/λ).
Como una exploración adicional del posible impacto de una implementación RSED
no-lineal, hemos construido, dentro del formalismo de la TEC quiral para un Higgs
ligero, la base de operadores que no conservan el número bariónico, relevantes para
explicar la asimetría materia-antimateria del Universo visible. También se ha real-
izado una comparación detallada de los correspondientes operadores en la base TEC
del ME Como es habitual, el número de operadores en la TEC quiral para un Higgs
ligero resultó ser mayor que en la TEC del ME al mismo orden. Se ha presentado
también una discusión acerca del número de contracciones de sabor independientes,
considerando el método de las series de Hilbert para contar invariantes.
En conclusión, hemos proporcionado una fundamentación sólida para la elección de
operadores efectivos a segundo orden para una teoría a primer orden dada en el
contexto de una RSED no-lineal, al menos desde el punto de vista de la renormal-
ización. Además, la idea de una partícula Higgs con un origen como pBG ha sido
estudiada en una implementación renormalizable simple, que podría ser considerada
como una terminación en el ultravioleta por sí misma, y es también utilizada como
herramienta para clarificar la interacción entre los regímenes lineal y no-lineal.
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